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Images from the Haematologica Atlas of Hematologic Cytology: visceral leishmaniasis
Rosangela Invernizzi1 and Antonello Malfitano2

1University of Pavia and 2IRCCS Policlinico San Matteo Foundation, Pavia, Italy

E-mail: ROSANGELA INVERNIZZI  - rosangela.invernizzi@unipv.it

doi:10.3324/haematol.2021.279161

Bone marrow smears remain the diagnostic gold standard for visceral leishmaniasis, although Donovan’s bodies, the
identifying marker of the disease, may also be found in lymph nodes as well as in spleen fine-needle aspirate smears.
These bodies are the asexual form of the parasite, the so-called amastigotes. They are oval, measure 1-5 µm long by

1-2 mm wide, and show a round nucleus and a bar-shaped inclusion, the kinetoplast, which is the remnant of the flagellum
of the promastigote. Amastigotes of Leishmania donovani may be numerous inside bone marrow macrophages (Figure A-D)
or extracellularly as macrophages can be broken during preparation of the smear (Figure E). They may also be observed in
the peripheral blood within the cytoplasm of granulocytes, particularly after centrifugation and concentration of white blood
cells (Figure F).1
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Is it NICE (nuclear import as a carcinogenic mechanism) to restrict HBZ in the cytoplasm?  
Yukata Tagaya
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The paper by Forlani et al. found in this volume of
Haematologica1 presents an intriguing argument that
the control over the subcellular localization of an anti-

sense protein (HBZ, HTLV-1 basic-zipper factor) encoded by
the human T-cell leukemia virus-1 (HTLV-1) critically con-
trols its oncogenicity. HTLV-1 was the first human retrovirus
identified2 and is arguably the most carcinogenic agent know
to humans.3 Adult T-cell leukemia (ATL)4 is a fatal CD4 type
T-cell leukemia that occurs in 5% of HTLV-1 carriers. After
40 years of extensive research since the discovery of HTLV-
1, the precise mechanism by which HTLV-1 transforms host
T cells is not completely understood, and the prevailing par-
adigm points to two HTLV-1 factors, Tax-1 and HBZ5 as the
cause of T-cell leukemia. HBZ is a multi-functional protein
and interacts with many cellular proteins. Not only that,
HBZ transcripts have their own function as a cancer-promot-
ing factor.6 The group led by Roberto Accolla (last author of
the paper) has been carefully studying the subcellular distri-
bution of HBZ using a monoclonal antibody that they gener-
ated, and they observed that HBZ’s localization differs in
HTLV-1 infected cells in individuals manifesting different dis-
ease status. They found that HBZ exclusively localizes to the
cytoplasm7 in cells from asymptomatic carriers and patients
with HAM/TSP (HTLV-1 associated myelopathy/tropical
spastic paraparesis), a myelopathy that resembles multiple
sclerosis in symptoms and the second major disease manifes-
tation that HTLV-1 causes in humans. In contrast, they report
in the current article that HBZ localizes in the nucleus in ATL
cell lines. Though not exclusive, the nuclear localization of
HBZ was distinct in ex vivo leukemic cells from ATL patients.
They also showed that the nuclear localization of HBZ may
be accompanied by a unidirectional displacement of HBZ
from the cytoplasm to the nucleus. With these results, the
authors suggest an attractive new hypothesis that the nuclear
localization of HBZ is a hallmark of ATL and that the cyto-
plasmic-to-nuclear translocation of HBZ plays a major role in
the leukemogenic mechanism of HTLV-1. These findings
may help establish new diagnosis of ATL as well as provid-
ing new insights to the research on HTLV-1’s oncogenesis.
So, can a misguided subcellular localization of a particular
protein lead to invoking an oncogenic capacity of the pro-
tein?  
There are a few other examples that could shed light on

this question. 
Nucleophosmin (NPM) is an example. NPM shuttles

between the nucleus and the cytoplasm and the cytoplasmic
localization seems to facilitate its tumor promoting
activities.8 Another example is STAT3 (signal transducer and
activator of transcription-3). STAT3 is a transcription factor
involved in the signaling of many cytokines. Gain-of-func-
tion mutants of STAT3 are often found in many cancers

including T-cell malignancies. Mutations of STAT3 that are
associated with cancer cases cause a self-dimerization of this
molecule, which enhances the nuclear transport and binding
of STAT3 to the regulatory region of many target genes. In
the case of STAT3, the control of subcellular localization per
se is not directly connected to the oncogenicity of STAT3, but
a mechanism that facilitates the nuclear translocation and
DNA binding of STAT3 is likely making STAT3 an oncopro-
tein. 
So how is the subcellular localization of HBZ controlled? It

likely involves the interaction of HBZ with other proteins.
Other groups have shown that HBZ can be retained in the
cytoplasm by a T cell-specific molecule THEMIS,9 but the
Accolla group demonstrated that this does not explain the
cytoplasmic distribution of HBZ in HAM/TSP patients.10

Thus, an involvement of another protein for this observation
is suggested. Hopefully, future studies will show the clue and
help us know how HTLV-1 transforms host CD4 T cells and
how we can control the fatal ATL which do not yet have cur-
ative treatment. 
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In 2021, most, if not all, presentations and publicationsabout the treatment of acute myeloid leukemia (AML)
start biblically: hematologists spent 40 years in the

desert of “7+3” and in 2017 reached a promised land flow-
ing with Food and Drug Administration approvals. One of
the first approvals addressed the vexing problem of FLT3-
mutant AML. While the FLT3-internal tandem duplication
(ITD) was discovered over 25 years ago, the success of ran-
domized clinical studies targeting the mutant FLT-3 protein
only occurred years later with the RATIFY trial.1 In this
trial, the combination of the multikinase inhibitor
midostaurin with induction chemotherapy led to a statisti-
cally significant improvement in the 4-year overall survival
of patients with newly diagnosed FLT3-mutant AML.2 The
approval of single-agent gilteritinib, a second-generation
FLT-3 inhibitor for patients with relapsed and refractory
AML, based on the randomized phase III ADMIRAL trial,
consolidated the role of FLT-3 inhibitors in the treatment of
patients with AML.3

But while gilteritinib was being approved, a second FLT-
3 inhibitor, quizartinib, was axed by the Oncologic Drugs
Advisory Committee (ODAC). Quizartinib, a potent
inhibitor of FLT3-ITD but not FLT3-tyrosine kinase
domain (TKD) mutations, was studied in a randomized
phase III trial, for relapsed and refractory AML. Despite
demonstrating a statistically significant overall survival
benefit in the company-sponsored analysis of the clinical
trial, concerns about dropouts in the standard treatment
arm led to a negative vote against quizartinib at an ODAC
meeting. Despite this, quizartinib was approved in Japan
and is now a standard-of-care therapy in that country.
Building on previous work showing the relative benefit

of treating patients with the combination of sorafenib, a
weak FLT-3 inhibitor, with azacitidine, in this issue of
Haematologica, Swaminathan and colleagues4 report the
outcomes of patients with either newly diagnosed or
relapsed FLT3-ITD AML treated with the combination of
azacitidine or low-dose cytarabine with quizartinib.
Perhaps the most impressive outcome in this trial is the
high rate of composite complete response of 87% with
quizartinib/azacitidine and 74% with quizartinib/low-
dose cytarabine. These rates of remission are certainly

encouraging, although definitive results will need to wait
for the time of a randomized, ideally placebo-controlled,
study. As a cautionary note, the randomized phase III
LACEWING study, in which patients were assigned to
treatment with the two-drug combination of
gilteritinib/azacitidine or azacitidine monotherapy, failed
to meet its primary endpoint of an overall survival benefit
in favor of the former despite encouraging results of the
“doublet” in a phase II clinical trial. 
Concurrent with the development of treatments target-

ing FLT-3, there has been a dramatic improvement in the
outcomes of adults who are not considered good candi-
dates for induction chemotherapy with the use of azaciti-
dine and venetoclax. FLT3-mutant patients appear to do as
well with azacytidine/venetoclax as patients without FLT3
mutations, at least when it comes to response. How then,
should we think about the doublet of azacitidine/quizar-
tinib? The field of leukemia research is now moving past
doublets, and Swaminathan and colleagues have set a firm
foundation for thinking about triplets of azacitidine/vene-
toclax/quizartinib or sequential treatments with azaciti-
dine/venetoclax followed by azacitidine/quizartinib.
Studies on these combinations will take time to perform
but are worthwhile and will continue to improve the lives
of all of our patients with FLT3-mutant AML.
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A new enemy is emerging in the fight against the SARS-CoV-2 pandemic  
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The discovery of a new disease is always big news
even more so when a new iatrogenic disorder
emerges after the administration of a vaccine to

millions of people during a global pandemic. This is pre-
cisely the case of vaccine-induced immune thrombotic
thrombocytopenia (VITT) reported after vaccination
against severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). VITT was first described in April 2021 by
three independent groups in 39 people, 5 to 29 days after
the first administration of the vaccine ChAdOx1 nCoV-
19 (AstraZeneca), a recombinant chimpanzee adenoviral
vector encoding the spike protein of SARS-CoV-2.1-3

Affected people were young or middle-aged adults, most-
ly women, who had acute onset of moderate to severe
thrombocytopenia and thrombosis, often in unusual
localizations such as cerebral venous sinus or portal,
splanchnic, or hepatic veins. Other patients presented
with venous thromboembolisms or acute arterial throm-
bosis. The disease was serious, with 40% mortality. Of
note, nearly all patients had high levels of antibodies
reacting to platelet factor 4 (PF4)-heparin complexes, as in
heparin-induced thrombocytopenia, but they had not
been previously exposed to this anticoagulant. This find-
ing suggests a close correlation between VITT and
autoimmune heparin-induced thrombocytopenia, which
occurs in patients never exposed to heparin. The
sequence of events leading to thrombosis did not emerge
from these three pioneering studies. In particular, the
nature of the polyanion macromolecule mimicking
heparin remains uncertain. While the intact vaccine did
not seem to be implicated, a pathogenic role of some spe-

cific components, including the spike protein synthetized
by the vaccine, could not be ruled out.   
In this issue of Haematologica, two papers provide new

information on VITT. The article by Althaus et al.4

describes the clinical and laboratory features of eight
additional cases and significantly confirms the clinical
and laboratory picture that has emerged from previous
reports. Furthermore, this study provides new evidence
of the pathogenesis of VITT by comparison of platelet
activation induced by sera from patients with this condi-
tion with sera from subjects vaccinated without any clin-
ical complications, as well as from patients with SARS-
CoV-2. Finally, the authors report on the autopsy findings
of two deceased VITT patients that revealed multidistrict
thrombosis and showed kidney lesions similar to those of
thrombotic microangiopathies.
The letter by Pomara et al.5 published in the same issue

focuses on the results of a thorough post-mortem examina-
tion of two patients with typical VITT. The macroscopic
picture was impressive revealing the extent of thrombosis
which was much more widespread than initially revealed
by imagining during life. The authors made extensive use
of immunocytochemistry for the characterization of the
affected organs and noted, among other interesting find-
ings, platelet aggregates diffusely lining the endothelial
layer of small and medium vessels. Pomara’s paper, there-
fore, confirms the observation made by Althaus that
VITT has this feature in common with thrombotic
microangiopathies, confirming that generalized platelet
activation plays a major role in this disorder.
The study of these additional ten new cases advances

Figure 1. Of the 49 patients with vaccine-induced immune thrombotic thrombocytopenia reported to date, 79% were women and only 4% were over 60 years old.
The risk of this disease, therefore, seems to be extremely low in old people who, on the other hand, have a high risk of death from SARS-CoV-2. The administration
of adenoviral vaccines against SARS-CoV-2 is therefore highly advantageous in this category of subjects. Conversely, vaccine-induced immune thrombotic thrombo-
cytopenia (VITT) seems to be more common in young or middle-aged adults, especially women, who instead have a risk of death from SARS-CoV-2 much lower and
in some age categories even close to zero. Pending new data, these considerations have convinced some countries not to administer adenoviral vaccines to young
subjects.
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the knowledge of VITT, which, however, still remains
poorly defined because many questions await to be
answered. First and foremost, how common is this com-
plication after vaccination with ChAdOx1 nCoV-2? At
present, a total of only 49 cases have been described and
the disease therefore appears exceptionally rare consider-
ing that millions of people have received this drug.
However, VITT was only identified in April 2021 and,
therefore, its diagnosis was impossible prior to this date
and, hence, this complication may currently be greatly
underreported. 
As of 4 April 2021, a total of 169 cases of CVST and 53

cases of splanchnic vein thrombosis were reported to
EudraVigilance in around 34 million people vaccinated in
the EEA and UK (Europenan Medicine Agency).6 How
many of these patients had VITT? Furthermore, the diag-
nosis of cerebral venous sinus and splanchnic vein throm-
bosis is not always easy, and we cannot exclude that their
occurrence has so far been underestimated. We fear that
the number of cases of VITT reported after the ChAdOx1
nCoV-19 vaccine will augment in the coming months, as
specific testing for anti PF4-polyanion complexes will be
increasingly applied to clinically suspected cases.  
Another important question is whether VITT is caused

only by the ChAdOx1 nCoV-19 vaccine or may be trig-
gered by other adenoviral vaccines. The answer to this
question was given by a paper7 published at the end of
April 2021 that described 12 patients who developed a
disease with the clinical and laboratory characteristics of
VITT 5 to 26 days after vaccination with Ad26.COV2.S
COVID-19 (Johnson & Johnson/Janssen). This drug, too,
uses a human adenoviral vector, which, however, differs
in many respects from that used by the ChAdOx1 nCoV-
19 vaccine. It is, therefore, possible that the risk of VITT
is a common feature of drugs that use adenoviral vectors.
It is important at this point to emphasize that adenoviral
vectors are presently employed not only for vaccines
against SARS-CoV-2 and EBOLA,8 but they are under
investigation for vaccines against other infectious dis-
eases,8 for cancer immunotherapy9 and for gene therapy
of inherited disorders.10 Should it be shown that the risk
of VITT is intrinsic to different adenovirus-based treat-
ments, the risk-benefit ratio would be completely differ-
ent if this approach is used to treat cancer or to prevent
an infectious disease that has a mortality of about 1-2%
(and in some age groups very close to 0%). 
A final question is how to treat patients with VITT.

Clinicians who have reported their experience in this
field have generally suggested avoiding the use of
heparin and platelet transfusions, given to correct the

profound thrombocytopenia and associated cerebral
hemorrhage. Instead, they believe that non-heparin anti-
coagulants and high-dose intravenous immunoglobulin
could have some efficacy. These recommendations are
mainly based on previous experience with heparin-
induced thrombocytopenia and heparin-induced autoim-
mune thrombocytopenia, and are currently only anec-
dotal experiences suggesting their use in VITT. A better
understanding of the pathogenic mechanisms of VITT
and prospective clinical studies are required to identify
the best treatment for VITT, which is a rare or even very
rare disease. Only large international collaborations will
be able to ensure the provision of credible results in a
short time. Furthermore, it has not been established if
these treatments are also appropriate for any atypical
thrombosis after vaccination, particularly in the absence
of the specific laboratory features of VITT. A long way of
laboratory and clinical research lies ahead.
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Microbiota injury occurs in many patients undergoing allogeneic
hematopoietic cell transplantation, likely as a consequence of
conditioning regimens involving chemo- and radiotherapy, the

widespread use of both prophylactic and therapeutic antibiotics, and pro-
found dietary changes during the peri-transplant period. Peri-transplant
dysbiosis is characterized by a decrease in bacterial diversity, loss of com-
mensal bacteria and single-taxon domination (e.g., with Enterococcal
strains). Clinically, deviation of the post-transplant microbiota from a nor-
mal, high-diversity, healthy state has been associated with increased risk
of bacteremia, development of graft-versus-host disease and decreases in
overall survival. A number of recent clinical trials have attempted to target
the microbiota in allogeneic hematopoietic cell transplantation patients
via dietary interventions, selection of therapeutic antibiotics, administra-
tion of pre- or pro-biotics, or by performing fecal microbiota transplanta-
tion. These strategies have yielded promising results but the mechanisms
by which these interventions influence transplant-related complications
remain largely unknown. In this review we summarize the current
approaches to targeting the microbiota, discuss potential underlying
mechanisms and highlight the key outstanding areas that require further
investigation in order to advance microbiota-targeting therapies.
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ABSTRACT

Introduction

Allogeneic hematopoietic cell transplantation (HCT) is the oldest form of cellu-
lar therapy for patients with hematologic malignancies, and utilizes stem cell-con-
taining grafts from carefully selected donors to invoke immunological anti-malig-
nancy effects. This procedure remains high risk for patients, as transplantation-
related complications, such as infection and graft-versus-host disease (GvHD), are
causes of high morbidity and mortality among allogeneic HCT recipients.1,2 The
incidence of acute GvHD in human leukocyte antigen-matched donors remains
30-35%.3 The role of the microbiome in transplant-related complications has been
a point of investigation in the field for decades, but advances in sequencing tech-
nology and our capacity to study the function of intestinal microbial communities
have accelerated this interest in recent years.  Approaches to conserve or recover
a healthy microbiome in transplant patients are increasingly being used in experi-
mental settings with the goal of improving overall transplant outcome. 
Pre-transplant conditioning regimens expose the gastrointestinal tract to high

doses of chemo- and radiotherapy, resulting in loss of integrity of the intestinal
epithelium and inflammatory damage which often results in mucositis.4 Clinical
manifestations of mucositis include mouth sores, pain during eating or swallowing,
nausea, intestinal cramping, bloating and diarrhea, which commonly minimize a
patient’s oral dietary intake. Mucositis is also thought to increase the risk of micro-



bial translocation from the lumen of the oral cavity or gas-
trointestinal tract into the systemic circulation, which has
led to the widespread use of antibiotic prophylaxis in allo-
geneic HCT recipients in whom prolonged mucositis and
co-incident neutropenia are common. Patients also have
high rates of exposure to broad-spectrum empiric antibi-
otics, which are initiated in response to fever in the neu-
tropenic period. Microbial sources of these neutropenic
febrile episodes are rarely proven but the consequences of
untreated severe infection in this group of patients are such
that it is standard practice to initiate broad-spectrum
empiric therapy when a fever occurs.5
Acute GvHD is classically described as a three-step

process.6,7 The first step involves host tissue injury, result-
ing in release of damage-associated patterns (DAMPS;
uric acid, ATP, heparin sulfate, HMGB-1, interleukin [IL]-
33) and pathogen-associated patterns (PAMPS;
lipopolysaccharides [LPS]), which further stimulate the
production of inflammatory cytokines such as tumor
necrosis factor [TNF]-α, IL-1 and IL-6. The second step
comprises priming and expansion of alloreactive donor
lymphocytes, predominantly T cells, which are recruited
to the host tissues; hematopoietic and non-hematopoietic
antigen-presenting cells interact with alloreactive lym-
phocytes, skewing CD4+ T lymphocytes towards a T-
helper (Th1) or Th17 phenotype that produce inflamma-
tory cytokines such as interferon (IFN)-γ and IL-17, acti-
vating cytotoxic CD8+ T cells, and stimulating their pro-
liferation. The third step involves recruitment and activa-
tion of additional (innate) effector cells, such as
macrophages and neutrophils, which amplify the
cytokine production (‘cytokine storm’) and orchestrate
further apoptotic tissue damage. 
Systemic, high-dose corticosteroids are the first-line

treatment for acute GvHD and are successful in about
two-thirds of the cases.8 Patients with severe or steroid-
refractory GvHD have a dismal prognosis, with long-
term survival rates reported between 5-30%.9 This has
led to persistent efforts to identify new therapies for
GvHD.  
Our current knowledge of the composition of the intes-

tinal microbial community, in both health and disease, is
largely based on the analysis of fecal samples using an
amplicon-based sequencing approach that targets the
variable regions of the prokaryotic 16S ribosomal RNA
gene. 16S rRNA sequencing allows us to measure micro-
bial composition (i.e., the presence of certain taxa) and
compute the summary measure α-diversity (commonly
measured by the Simpson or Shannon index), which has
been used in a large number of transplant studies that
have associated microbiota abnormalities with transplant
outcome.10 A second method is metagenomic sequencing,
which involves untargeted (‘shotgun’) metagenomic
sequencing of all the genes present in a given sample.
Multiple technologies are available for metagenomic
sequencing, but they can be broadly grouped into either
short-read (e.g., Illumina) or long-read (e.g., PacBio,
Nanopore) platforms.11 Independently of the sequencing
method, metagenomic sequencing provides reliable
species-level taxonomy, as well as profiling of the func-
tional capacity of the intestinal microbial community as a
whole, by identifying genes that confer microbial func-
tion (e.g., fatty acid synthesis or degradation).
Metagenomic sequencing can thus be a powerful hypoth-
esis-generating tool and can enhance our understanding

of potential mechanisms underpinning associations
between particular microbial compositions and clinical
outcome.  

The healthy microbiome and intestinal 
homeostasis

The human microbiome constitutes a diverse collection
of bacteria, viruses, archaea and eukaryotic microbes that
inhabit all parts of the body but predominantly reside in
the gut.12 Bacteria represent the largest group within the
intestinal microbiome and most species belong to the
Firmicutes or Bacteroidetes phyla with smaller contribu-
tions from the Proteobacteria, Actinobacteria,
Fusobacteria and Verrucomicrobia phyla. The dynamic
ecosystem within the intestinal tract is continuously sub-
jected to environmental changes induced by diet, medica-
tion and disease of the host, which can dramatically alter
microbial composition.13-15 Factors important in maintain-
ing homeostasis and preventing pathogen outgrowth and
translocation include: an intact gut epithelium that physi-
cally separates the luminal microorganisms from the
underlying host tissue; an extra layer of protection, pro-
vided by the mucus layer that is produced by goblet cells,
to hinder bacterial translocation and prevent mucosal bar-
rier injury; the anaerobic commensals that predominate in
the gut microbiota community of healthy individuals and
that provide resistance against colonization by
pathogens. The products of anaerobic commensals fur-
ther prevent pathogen outgrowth; molecules derived
from commensal bacteria, which can signal to Paneth
cells via toll-like receptors (TLR) 2, 4, 5 and 9, and induce
production of antimicrobial peptides.16 Antimicrobial pep-
tides, such as defensins and regenerating gene (REG) III
proteins, shape the microbial composition by sequester-
ing essential nutrients and permeabilizing bacterial mem-
branes; the commensals, which in addition to mediating
resistance to colonization by potential pathogens, also
produce metabolites that are essential micronutrients for the
human host. 
Microbial metabolites include vitamins (K, B12), short-

chain fatty acids (SCFA) such as butyrate, propionate and
acetate, which are the products of indigestible dietary
fiber fermentation, aryl hydrocarbon receptor ligands
called indoles generated through tryptophan metabolism
and secondary bile acids.17-20 These microbial metabolites
are locally important for maintenance of epithelial integri-
ty and stimulation of the mucosal immune system, but
can also exert effects on peripheral organs via secretion
into the systemic circulation.21-24 SCFA act via several
pathways to maintain homeostasis: they serve as an ener-
gy source for colonocytes, promote mucus secretion,
enhance expression of tight junction proteins to improve
epithelial integrity, induce anti-inflammatory cytokines
such as IL-10 and IL-18, and promote differentiation of
anti-inflammatory regulatory T cells via engagement with
G-protein coupled receptors (GPR) 43, 41 and 109a on
both epithelial cells and immune cells.25 Indoles also have
immune-modulating potential. For example, they can
induce IL-22 production by different aryl hydrocarbon
receptor-expressing lymphocytes, such as Th17 cells, nat-
ural killer T cells, γδ T cells and innate lymphoid cells,
which in turn enhances epithelial barrier function and
promotes antimicrobial peptide production.26
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Relationship of the microbiome with 
transplant-related toxicities

There are many contributors to the disruption of the
intestinal microbiota observed in the peri-transplant peri-
od, including conditioning, diet changes, and exposure to
antibiotics (Figure 1). Early after transplantation, there is
a loss of microbial diversity as well as a shift towards a
microbiome dominated by Enterococci, Streptococci or, in
fewer cases, Proteobacteria, at the expense of anaerobic
populations, such as Bacteroides, Clostridium and
Bifidobacterium. Intestinal domination, here defined as a
relative abundance of ≥30% of a single taxonomic unit, is
associated with exposure to certain antibiotics and
increases the risk of blood stream infection by the respec-
tive dominating taxon.27,28
Decreases in fecal α-diversity can be observed even

prior to HCT in some patients, but deepens in the days
following transplantation, and is associated with the tim-
ing and type of antibiotic treatment.27,29-34 Indeed, clinical
studies have shown a reduction of bacterial burden and
loss of fecal α-diversity following cancer treatment, e.g.,
for acute myeloid leukemia, which is consistent with the
dysbiosis observed pre-transplant.27,29,30,35-39 Loss of fecal
bacterial diversity is recognized in transplant patients
across different geographic locations as was recently doc-
umented in a large, observational study that included
8,767 stool samples from 1,362 patients, collected at four
different centers in three different continents.30 This study
also reinforced a previously recognized association
between intestinal diversity during the peri-engraftment
period (days 7-21 post-HCT) and transplant outcome:
low microbial diversity is associated with significantly
higher transplantation-related mortality, GvHD-related
mortality and lower overall survival.40,41 The prevalence of
intestinal domination was high in this cohort: it was
detected in more than 75% of the samples collected 1
week after transplantation, with Enterococcus domination
being most prevalent. In an earlier study, Enterococcus

domination was associated with lower overall survival
and higher GvHD-related mortality.42 Indeed, perturba-
tions of the microbiome are particularly overt in patients
with acute GvHD.37,42-47 Pre-clinical studies in mice have
demonstrated that intestinal microbiota play an impor-
tant role in the development of acute GvHD and, vice
versa, acute GvHD itself can aggravate intestinal dysbio-
sis. A study by Varelias and colleagues found that the dys-
biotic microbiome of IL-17-deficient mice induced hyper-
acute GvHD and that this effect was transferable to wild-
type mice during co-housing experiments.48 A second
study showed that increases in major histocompatibility
complex class II (MHCII) expression on intestinal epithe-
lial cells was microbiota-dependent, and that this upregu-
lation process, which was essential for the initiation of
lethal acute GvHD, could be abrogated by antibiotic-
mediated bacterial depletion.49 After initiation of acute
GvHD, GvHD-mediated tissue damage includes the
destruction of Paneth cells, which actively shape the
microbial community via production of α-defensins.50
Loss of Paneth cells decreased the expression of α-
defensins and propagated expansion of pathogenic bacte-
ria (Escherichia coli), which accelerated GvHD. An abun-
dance of Enterococcus species has also been associated
with acute GvHD severity: mice with an Enterococcus-
dominated microbiome experienced worse GvHD and
had an inferior survival.42 In contrast, the presence of
intestinal Blautia, a genus from the butyrate-producing
Lachnospiraceae family, appeared to have protective capac-
ities against acute GvHD development both in mice and
humans.41
Changes in gut microbiota composition have not only

been associated with the development and severity of
acute GvHD, but have also been linked to other trans-
plant-related complications. For example, analysis of the
fecal microbiota composition early (day 0 to 21) after allo-
geneic HCT identified a cluster of bacteria, dominated by
Eubacterium limosum, which was associated with a
decreased risk of relapse or progressive disease.51
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Figure 1. Timeline of potential microbiota perturbations after allogeneic hematopoietic cell transplantation. HCT: hematopoietic cell transplantation; TBI: total body
irradiation. Created with BioRender.com



Additionally, features of the intestinal microbiome have
been associated with the development of pulmonary
infiltrates post-transplant.52 A further study found that the
presence of butyrate-producing bacteria in fecal samples
was associated with a lower rate of viral lower respirato-
ry tract infections.53
Finally, there is also evidence emerging that early post-

HCT microbiome damage may remain for some time,
and have consequences for the late complications of
transplantation. A recent study by our group showed that
dysbiosis can still be observed at 100 days after transplan-
tation and that patients who go on to develop chronic
GvHD have lower concentrations of circulating SCFA.54
As this was a small study of chronic GvHD patients, fur-
ther work is needed to explore this association. 
The studies described above found several links between

dysbiotic gut microbiota and transplant-related complica-
tions but it remains largely unresolved whether these asso-
ciations reflect causal relationships. If this is indeed the
case, then manipulation of the microbiota – particularly in
a fashion that ensures maintenance of anaerobic bacterial
taxa and prevents colonization with potential pathogens –
could be an effective way to reduce acute transplant-relat-
ed toxicities and also improve the long-term outcomes for
allogeneic HCT recipients. At present, potential strategies
for microbiota modification include dietary modification,
prebiotics, probiotics or postbiotics and fecal microbiota
transplantation (FMT) (Table 1).

Potential mechanisms of microbiome-targeting
therapies

Therapies targeting the microbiota could contribute to
preserving or restoring intestinal homeostasis by provid-
ing resistance to colonization, enhancing mucosal heal-
ing, or dampening the inflammatory immune response. 

Colonization resistance
As mentioned above, outgrowth of a single taxon, par-

ticularly Enterococcus, is a common feature of the post-
HCT microbiome and is associated with a poor trans-
plant outcome. In addition to Enterococcus colonization,
intestinal expansion of other pathogenic bacteria, such as
the Enterobacterales species Klebsiella pneumoniae and
Escherichia coli, has been observed in patients who subse-
quently developed bloodstream infections caused by the
respective species.55 Domination may negatively affect
intestinal homeostasis: (i) indirectly via loss of beneficial
anaerobic bacteria, resulting in a drastic reduction of
‘health-promoting’ metabolites such as SCFA or, (ii)
directly, if the dominating species itself compromises the

gut epithelium or invokes an inflammatory response from
the mucosal immune system. 

Enterococcus faecalis (for example) has the capacity to
impair epithelial barrier integrity via matrix metallopro-
teases and can also induce a strong dose-dependent acti-
vation of dendritic cells, resulting in enhanced production
of the cytokines IL-6, IL-10, IL-12 and TNF-α.56,57 A recent
mouse study showed that intake of the disaccharide lac-
tose was necessary for Enterococcus expansion whereas a
lactose-free diet attenuated the emergence of Enterococcus
and reduced the severity of acute GvHD.42 These pre-clin-
ical findings need further exploration in clinical trials, for
example, of lactose-free diets in the peri-transplant peri-
od, or enzymatic supplementation (e.g., with the lactase
enzyme (Lactaid), which is cheap and easily available as
it is used commonly by individuals with lactose intoler-
ance).
Reintroduction of specific strains via defined bacterial

consortia in oral capsule form (commonly known as pro-
biotics) or transfer of a complete (healthy) microbiome
via FMT could prevent domination by a single taxon by
promoting resistance to colonization. For example, probi-
otic therapy with Lactobacillus johnsonii prevented
Enterococcus domination after bone marrow transplanta-
tion in mice, which coincided with attenuation of acute
GvHD.47 Similarly, FMT effectively eliminated van-
comycin-resistant Enterococcus from densely colonized
mice, which was mediated by anaerobic bacteria.58 More
specifically, recolonization with Barnesiella correlated
with eradication of vancomycin-resistant Enterococcus. In
these studies, successful engraftment of donor strains was
a key component of successful treatment. Factors that
could influence this process include pre-treatment strate-
gy (i.e., antibiotic decontamination or bowel lavage, with
the latter appearing to be more effective), taxonomic con-
figuration of both donor and recipient and possibly also
genetic host factors.59-61
Alternative approaches that bypass the bacterial com-

munity itself but may still enhance colonization resist-
ance include supplementation of antimicrobial peptides
or administration of specific TLR agonists. For example,
TLR7 might be a candidate as activation of TLR7 on den-
dritic cells induced IL-22 and mediated colonization
resistance against vancomycin-resistant Enterococcus.62
Whether targeting this pathway could also be beneficial
for transplant outcome needs further investigation.

Healing of the mucosal barrier 
The mucosal barrier becomes compromised during the

allogeneic HCT process due to the toxic effects of chemo-
and radiotherapy and subsequent mucositis, as a result of
tissue destruction during acute GvHD, opportunistic
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Table 1. Strategies for targeting the microbiome.
Method                                                                      Strategy                                                                           Goal

Prebiotics (i.e. non-digestible food ingredients)          Supplement essential bacterial nutrients                               Preserve protective taxa
Optimizing dietary intake                                                      Stimulate enteral feeding, avoid consumption                      Preserve protective taxa
                                                                                                     of certain nutrients                                                                       
Antibiotic selection                                                                Reduce exposure to anaerobe-targeting antibiotics            Limit microbial damage
Probiotics/defined consortia (i.e. selected                     Actively reintroduce (specific) microbial populations         Recover gut microbial communities
viable microorganisms) or FMT                                                                                                                                                      
Postbiotics (bioactive metabolic compounds)               Supplement products of bacterial fermentation                   Replenish beneficial microbial metabolites
FMT: fecal microbiota transplantation.



infections (e.g., cytomegalovirus) or because of the indi-
rect influence of diminished nutritional intake. Dietary
carbohydrates normally serve as the main source of nutri-
tion for the gut microbiota, but in their absence the
mucus layer can become an alternative source of energy.
As an example, Akkermansia muciniphila is thought to have
mucolytic capacities and its relative abundance increases
in mice with acute GvHD after imipinem/cilastatin treat-
ment.32,63 Another study showed that a diet lacking fiber
resulted in thinning of the mucus layer, which increased
proximity of microbes to the epithelium.64 Enteral feeding
(diet or prebiotics) could thus enhance intestinal homeo -
stasis by directly stimulating preservation of commensal
populations as well as indirectly by preventing damage to
the mucus layer. An alternative way to promote the
integrity of the mucus layer is by activating goblet cells
which are responsible for the formation of the intestinal
mucus layer but are often lost upon development of acute
GvHD. It was recently described that stimulation of gob-
let cells via  IL-25 could prevent bacterial translocation
and dampened inflammation in an experimental acute
GvHD model.65 Exogenous supplementation of butyrate
or indoles was also able to enhance epithelial integrity
and mitigate acute GvHD in experimental mouse models
whereas deletion of the SCFA receptor GPR43 increased
acute GvHD.66-68 However, butyrate can have opposite
effects and may delay mucosal wound repair by inhibit-
ing proliferation of intestinal epithelial stem/progenitor
cells in a dose-dependent manner.69 Whether butyrate has
a net-protective or net-pathogenic effect may depend on
the time after transplantation, the state of underlying tis-
sue damage, or the activation status of effector T cells and
further work is needed to assess the translatability of
these preclinical findings to clinical practice and whether
they may be targeted for therapeutic benefit.
Another candidate for promoting mucosal repair is IL-

22. IL-22, secreted by recipient innate lymphoid cells type
3, protected intestinal stem cells from immune-mediated
damage during murine acute GvHD.70 Similarly, recombi-
nant IL-22 enhanced intestinal stem cell recovery, stimu-
lated epithelial regeneration and reduced intestinal acute
GvHD pathology. However, pro-inflammatory and
destructive effects of donor-derived Il-22 have also been
described, suggesting a dual, context-dependent role for
this cytokine, which needs further investigation.71

Immune modulation
The cycle of dysbiosis, tissue damage and lymphocyte

activation that characterizes the early post-transplant
environment and is even more exaggerated when acute
GvHD has developed, contains many potential pathways
for intervention (Figure 2). Therapies that alter the micro-
biome and thereby break these feed-forward loops may
offer an attractive target in GvHD prevention or treat-
ment.  
A number of preclinical studies have determined the

immunomodulatory properties of microbiome-targeting
or microbiome-adjunct therapies. A prebiotic mixture of
glutamine, fiber and oligosaccharides (GFO) as well as
FMT lowered colonic expression of IL-1b in dextran sodi-
um sulfate-induced colitis in mice.72,73 In addition, FMT
reduced the MHCII-dependent antigen-presenting capac-
ities of colonic dendritic cells, monocytes and
macrophages while simultaneously enhancing IL-10 pro-
duction by these antigen-presenting cells, as well as in

CD4+ T cells and invariant natural killer T cells.73 FMT
also appeared to limit CD4+ T-cell proliferation while
increasing the frequency of FoxP3+ regulatory T cells.
Induction of regulatory T cells was also accomplished by
oral administration of a rationally selected mixture of
bacterial strains which mitigated experimental colitis and
allergic diarrhea and mainly comprised clusters IV, XIVa
and XVIII Clostridia.74
While it remains to be clarified whether these mecha-

nisms are also involved in FMT-mediated resolution of
steroid-refractory acute GvHD, microbial metabolites
might be involved in this process. In addition to SCFA,
secondary bile acids, such as lithocholic acid and 3b-
hydroxydeoxycholic acid, are other products of microbio-
ta-mediated biotransformation that are thought to have
immunomodulatory properties. For example, lithocholic
acid, 3b-hydroxydeoxycholic acid and other bile acid
metabolites have been implicated in the induction of reg-
ulatory T-cell populations.75,76 A number of studies have
shown that bile acid metabolism is altered in patients
with acute or chronic GvHD, which might impact disease
severity.77-79 A randomized controlled trial examining the
use of the secondary bile acid ursodeoxycholic acid (also
known as ursodiol) for prevention of hepatic complica-
tions (e.g., veno-occlusive disease) found a lower inci-
dence of severe acute GvHD and intestinal GvHD in the
treatment group that used ursodiol from the start of con-
ditioning through 90 days post-transplantation compared
with control-treated patients.80 Furthermore, a study of
patients with recurrent Clostridioides difficile infections
(n=16), which included seven allogeneic HCT recipients,
successfully used ursodiol to prevent recurrence of dis-
ease.81 While the effects of ursodiol on the microbiome of
allogeneic HCT recipients requires further investigation,
these data suggest that therapeutic interventions targeting
microbial bile acid metabolism might be worth exploring.

Opportunities for intervention

Therapies aimed at modulating intestinal microbiota
function can target bacterial energy sources (prebiotics,
diet), the bacterial community itself (antibiotic choice,
probiotics, FMT) or its metabolites (postbiotics). Their
protective or therapeutic potential has been studied in a
number of interventional, predominantly single-arm
studies.

Prevention of damage by antimicrobials: making the
best antimicrobial choices
Antibiotic stewardship is most commonly considered

in terms of its benefits in preventing the emergence of
pathogens, but broadly speaking it involves the critical
evaluation of antibiotic prescribing and use, to protect
patients from all harms (including microbiome disrup-
tion) caused by the use of antibiotics, while at the same
time effectively treating infections. For example, in a ret-
rospective study, Weber and colleagues observed that
rifaximin, a broad-spectrum antibiotic with minimal sys-
temic absorption, was equally effective at preventing
infectious complications in allogeneic HCT recipients as
ciprofloxacin/metronidazole, while sparing bacterial gut
communities.82 Another retrospective analysis found that
treatment of neutropenic fever with broad-spectrum
antibiotics, specifically imipenem/cilastatin and
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piperacillin/tazobactam, was associated with increased
GvHD-related mortality while this was not observed
when anaerobic-sparing antibiotics, aztreonam and
cefepime, were used.32 Of note, shortening the duration
of administration of empiric broad-spectrum antibiotics
in patients with febrile neutropenia without an identifi-
able infectious cause has been studied and appears to be
safe; however, it remains unclear whether the shortened
exposure also reduced intestinal dysbiosis in these
patients.83 Other strategies that are currently being devel-
oped to prevent antibiotic-mediated microbial disruption
include molecules that degrade or neutralize antibiotic
residues in the intestinal tract.84,85

Pre-transplantation optimization of the intestinal
microbiome 
Since a relatively preserved microbiome prior to allo-

geneic HCT translates into a higher chance of a favorable
outcome,30 it is worth considering a potential role for pre-

emptive microbiota-targeting therapies. Two studies
examined the effect of prebiotic supplementation prior to
HCT: a prospective study by Yoshifuji and colleagues
demonstrated that adequate intake of resistant starch and
GFO from day -7 before allogeneic HCT to day +28 after
the transplant reduced the incidence of acute GvHD and
preserved populations of butyrate-producing bacteria,
while fecal butyrate concentration in samples after trans-
plantation did not differ significantly between GFO-treat-
ed patients and historical controls.86 The patients with ini-
tial high microbial diversity in this cohort appeared more
likely to benefit from prebiotic supplementation (n=14 of
30 in the whole cohort). Remarkably, the incidence of
late-onset acute GvHD was higher in the prebiotic group,
suggesting that there is only a temporary benefit from
prebiotic supplementation and that the benefit subsides
after cessation of the treatment. Similarly, a second retro-
spective study observed that patients who received GFO
during the same period had higher survival rates early
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Figure 2. Interactions between the gut microbiota and mucosal immune
system in steady state and peri-transplant environments. (A) Pre-trans-
plant interaction between the intestinal tract, mucosal immune system
and the microbiome. (B) Peri-transplant interaction between the inflamed
intestinal tract, infiltrating donor populations, some of which alloreactive T
cells that cause graft-versus-host disease, and the perturbed microbiome,
often colonized with potential pathogens, such as Enterococcus
faecalis/faecium.  APC: antigen-presenting cell; DAMPS: damage-associat-
ed patterns; GvHD: graft-versus-host disease; LPS: lipopolysaccharides;
PAMPS: pathogen-associated patterns. Created with BioRender.com 
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after HCT (<day 100) than patients who were not on pre-
biotic treatment, but this advantage had disappeared 1
year after allogeneic HCT.87
A number of small studies have evaluated the safety

and feasibility of probiotic use prior to allogeneic HCT
but studies evaluating their potency with respect to min-
imization of transplantation-related complications have
not been performed.88,89 Oral administration of
Lactobacillus rhamnosus GG in mice, starting from day 7
prior to transplantation and continuing throughout the
transplantation period, limited bacterial translocation,
mitigated acute GvHD and improved survival.90
Microbiome analysis was not included in this study, thus
further studies are needed to understand the precise
mechanism of the observed effects. 
Donor FMT effectively reversed antibiotic- and

chemotherapy-induced dysbiosis in a murine model,
returning the composition of the microbiome to the
naïve, pre-treatment configuration within 16 days after
FMT.91 In five allogeneic HCT recipients, donor FMT was
successfully used for decolonization of antibiotic-resis-
tant bacteria prior to HCT but the enteric microbiome of
these patients was not analyzed.92,93
Apart from these studies, data on the impact of micro-

biota-targeting therapies on the pre-transplant microbio-
me are scarce. Large, prospective trials are needed to
assess to what extent these pre-emptive treatments can
overcome treatment-induced microbiota injury and pro-
tect against post-transplant complications. 

Diet
It is well-established that dietary changes influence the

enteric microbiome and thus it is likely that specific alter-
ations in nutritional support could provide an extra stim-
ulus for the growth and activity of anaerobic bacteria in
the peri-transplant setting.94 A recent study in mice
showed that administration of a tyrosine-enriched diet
prior to HCT positively modulated the gut microbiome
and metabolome, which was accompanied by reduced
acute GvHD pathology and improved survival.95 Whether
a specific diet could help to preserve a healthy microbio-
me in allogeneic HCT recipients or improve intestinal
health prior to allogeneic HCT remains to be elucidated.
A study in pediatric patients (n=20) found that patients
receiving enteral nutrition after allogeneic HCT had
increased fecal diversity, higher concentrations of fecal
SCFA and a higher relative abundance of certain butyrate-
producing populations than patients receiving parenteral
nutrition.96 In adult patients (n=23), fecal microbial diver-
sity was similar in groups receiving either enteral or par-
enteral nutrition. However, minimal oral intake for a pro-
longed period was associated with less diversity, as well
as less abundance of intestinal Blautia.97 Earlier studies had
reported the superiority of enteral over parenteral nutri-
tion in terms of transplant-related complications and sur-
vival.98,99 
There remains a gap in our knowledge regarding the

impact of diet on the microbiome of allogeneic HCT
recipients. It has been described that there is a high inter-
personal variability in microbiome response to types of
nutrition and it might prove difficult to formulate univer-
sal dietary recommendations.94,100,101 To what extent a spe-
cific diet, e.g., devoid of lactose-containing products,
could benefit the health of transplant patients needs to be
investigated in randomized trials. 

Post-transplant recovery of the microbiome 
It is likely that even with the best preventive strategies,

some abnormalities in the microbiome will remain after
the acute post-transplant period.  For those patients with
extensive microbial damage, probiotics or (donor) FMT
might offer a way to directly repair the microbial commu-
nity itself. Commercially available probiotic formulations
contain bacterial strains predominantly belonging to the
Lactobacillus and Bifidobacterium genera. The efficacy of
probiotics as a preventive or therapeutic measure has
been studied in the context of various disease entities
with mixed results.102 In fact, the use of probiotics after
antibiotic therapy delayed recovery of the indigenous
microbiota in healthy individuals.103 As for allogeneic
HCT recipients, a number of case reports raised safety
concerns after systemic infections developed in immuno-
compromised patients upon probiotic use, even though
the bacterial strains that are commonly incorporated in
commercially available probiotics are infrequently the
cause of bloodstream infections.104-109 Probiotic therapy,
comprising Lactobacillus rhamnosus GG capsules adminis-
tered from the time of neutrophil engraftment, did not
appreciably alter the microbiome or reduce acute GvHD
incidence in a randomized trial (n=31) and was therefore
prematurely terminated.110
A second option for the re-introduction of a whole

community of microorganisms is via transfer of a healthy
“previous self” or a donor-derived fecal suspension. In a
randomized, controlled trial by Taur et al., allogeneic
HCT recipients received either an autologous FMT
(n=14), using the patient’s banked stool sample that was
collected prior to transplant conditioning and carried a
high microbial diversity but no intestinal pathogens, or
no intervention (n=11).29 Autologous FMT improved
microbial diversity and reinstated commensal members
of the patient’s gut microbiome which had disappeared
after allogeneic HCT. While effective, autologous FMT
can be logistically challenging, as it requires upfront col-
lection of a patient’s healthy stool; for this reason, most
current studies have used related or unrelated healthy
donors as the source for FMT.
High success rates have been reported for single or

repeated donor FMT in patients to restore symbiosis,
eradicate antibiotic-resistant bacteria or treat recurrent
Clostridioides difficile infections, which coincidently also
relieved GvHD symptoms in one patient.92,93,111-118
Resolution of steroid-refractory acute GvHD using donor
FMT has been described in a number of case reports.119-122
Additionally, a pilot study from our group showed that
donor FMT alleviated steroid-refractory or steroid-depen-
dent acute GvHD in ten of 15 participants, which was
accompanied by an increase of fecal microbial diversity,
expansion of butyrate-producing bacteria, and enhanced
donor species engraftment.123 The intrinsic and extrinsic
factors that facilitate donor species engraftment remain to
be elucidated and blinded, randomized clinical trials are
needed to determine the additive value of donor FMT in
GvHD treatment.
Safety has been one of the major concerns regarding

the use of donor FMT in immunocompromised patients.
For this reason, FMT trials have, thus far, largely post-
poned administration until allogeneic HCT recipients
have achieved neutrophil engraftment. The number of
reported infection-related adverse events associated with
donor FMT administration is low but transmission of
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pathogenic microorganisms has been described and can
be fatal.124,125 While there is no debate that potential
donors of fecal material should undergo stringent screen-
ing, the donor screening protocols have been and, for the
foreseeable future, will be subject to change as our expe-
rience with FMT therapy increases. International guide-
lines for donor screening protocols, for example as pub-
lished by the European FMT working group, may help to
reduce the variability of screening protocols used in FMT
trials.126 In addition to donor screening and selection,
other steps in the FMT procedure could be reviewed for
optimization. For example, potentially beneficial obligate
anaerobic organisms may be lost in the process of FMT
preparation unless care is taken to process potential
donor material in an anaerobic fashion. Additionally, the
best route of administration of the FMT product is
unknown, with options including capsules, nasoduodenal
infusion and enema.  

Microbial metabolites
Finally, one could bypass the bacterial community and

directly supply microbial metabolites, such as the SCFA,
acetate, butyrate or propionate. Fecal SCFA concentra-
tions decrease in patients with acute GvHD in proportion
to the severity of their disease.46 Similarly, the plasma
concentrations of butyrate and propionate were reduced
in patients who developed chronic GvHD.54 Exogenous
butyrate supplementation as well as administration of a
consortium of 17 known butyrate-producing bacterial
strains mitigated murine GvHD in a study by Mathewson
and colleagues.66 In contrast, a high relative abundance of
butyrogenic bacteria in allogeneic HCT with acute GvHD
has been associated with steroid-resistance, although
luminal butyrate concentrations were not measured.127
These contrasting results highlight that we still have
more work to do to understand the biology of butyrate
signaling in the post-transplant setting, particularly with
respect to GvHD. 

Outstanding questions and future perspective

Considering that the field of microbiome research in
hematologic patients is relatively young, significant
advances have been made in recent years. Large cohort
studies have robustly shown that microbiota injury dur-
ing allogeneic HCT is common and associated with
adverse outcomes. This has already led to some changes
in practice – e.g., the favoring of anaerobe-sparing
empiric antibiotics in many centers. Results from the
first, predominantly single-arm trials have demonstrated
potential for microbiota-modulating therapies to
improve transplant outcomes (e.g., our recent study of
FMT for steroid-refractory acute GvHD), paving the way
for eagerly awaited randomized controlled trials that
will confirm the clinical efficacy of these therapies in
preventing or treating transplantation-related complica-
tions. The accessibility of these biological, often already
commercially available treatments has facilitated rapid
translation from bench to bedside, with a large number
of clinical trials currently being undertaken to target dys-
biosis in allogeneic HCT recipients. In order to move the
field forward in the coming years, several fundamental
questions will need to be addressed (summarized
inTable 2).

Several microbiome-targeting approaches have shown
promising results in preclinical and clinical studies but the
key players that underlie this beneficial effect are yet to
be defined. Thus far, Blautia as well as butyrate-producing
Clostridia appear to be prominent candidates based on
fecal microbiome analysis. Still, it is important to keep in
mind that there is only partial overlap between the fecal
microbiome and the intestinal microbial composition and
that the taxa that we have associated with positive trans-
plant outcomes might only be a reflection of a balanced
microbiota community.128 More invasive sampling (e.g.,
consecutive colon biopsies) will be needed to confirm the
taxa present at the most immunologically active sites
within the gastrointestinal tract, and access to these sam-
ples will also further enhance our understanding of the
working mechanisms of these therapies. Apart from the
bacterial constituents of the microbiome, it is going to be
important to examine other microbial kingdoms present
in the enteric flora such as viruses, including bacterio-
phages, fungi and archaea. A small study demonstrated
that a sterile fecal transplant, filtered from bacterial
microbiota, was sufficient to cure Clostridioides difficile
infection, implying that non-bacterial microorganisms
and/or microbial metabolites are also capable of disease
resolution.129
In addition to identifying protective bacterial taxa and

their related metabolites, the long-term effects of treat-
ment response warrant further investigation. It is not
known whether the different therapies discussed here
only induce a local and temporary reset of the microbio-
me or whether they elicit a systemic and durable
response to dampen ongoing inflammatory processes.
Yoshifuji and colleagues observed that after termination
of prebiotics (at day 28 post-HCT), the incidence of late-
onset acute GvHD (>day 100) was higher in the prebiotic
group than in historical controls, suggesting that more
work is needed to understand the potential mechanisms
of prebiotic activity after HCT.86 The same holds true for
FMT in which donor bacterial strains are eventually
undermined by environmental and/or host factors in
modeling the bacterial composition.118 This is supported
by the finding in our FMT trial that early use of antibi-
otics after donor FMT appeared to abrogate treatment
response. Antibiotic treatment might thus be taken into
account in clinical trial design for microbiome-targeting
therapies, for example by including an additional/escape
intervention in the case of antibiotic treatment. Once
intestinal homeostasis is restored, disappearance of donor
strains might be less problematic; while taxonomic simi-
larity to the donor’s microbiome declined in the study by
Moss et al., the functional similarity persisted at a high
level. Future studies including long-term follow-up and
longitudinal sampling will help to determine the optimal
interval for intervention or whether, for example, lifelong
dietary restrictions or prebiotic or postbiotic supplemen-
tation should be encouraged.
Ideally, in the near future, microbiome analysis should

be included in the routine work-up/follow-up for HCT,
just as other organ function is measured, since the micro-
biome can function as a biomarker for transplant-related
complications, as well as being potentially modifiable in
the pre-transplant period.130,131 The microbiome is a signif-
icant focus of many research groups internationally, and
it is likely that the coming years will continue to yield
important results in both the pre-clinical and clinical set-
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ting with regard to how we may target the microbiome
for maximal benefit for patients. 
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Table 2. Outstanding questions and potential investigational approaches.
Key questions                                                                                                      Potential investigational approach

Bacterial composition-focused                                                                              
Which ‘protective’ taxa from associative studies are truly                                            Transfer defined bacterial consortia in HCT patients + trials with more
beneficial as therapeutics?                                                                                                     invasive sampling especially at time of GvHD diagnosis. 

What is the best way to collect additional data to support that change                     Add important secondary endpoints to initial studies as well as clinical
in bacterial composition is indeed the mechanism of clinical improvement?          responses (e.g., fecal engraftment of specific taxa, bacterial diversity, 
                                                                                                                                                       active metabolic pathways, serum and fecal SCFA concentrations).

What is the optimal diet for the patient to produce the optimal microbiome?        Start with observational diet studies, move toward interventional 
                                                                                                                                                       randomized trials. 

Metabolite-focused
Which are most important (SCFA, bile acids etc.)?                                                          Mouse studies + trials of ‘post-biotic’ compounds. 
Where do they need to act for maximum benefit?                                                           

Which patient-intrinsic factors influence therapy efficacy (e.g. baseline                 Large (interventional) randomized studies of the microbiome-targeting 
diversity, presence of specific taxa, level of epithelial damage,                                   intervention of interest. 
genetic factors)?                                                                                                                       

What is the optimal timing and interval for intervention?                                              Small interventional studies + trials with long-term follow-up.

HCT: hematopoietic cell transplantation; GvHD: graft-versus-host disease; SCFA: short-chain fatty acids.
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Chimeric antigen receptor (CAR) T cells (CAR-T) have dramatically
changed the treatment landscape of B-cell malignancies, providing
a potential cure for relapsed/refractory patients. Long-term

responses in patients with acute lymphoblastic leukemia and non
Hodgkin lymphomas have encouraged further development in myeloma.
In particular, B-cell maturation antigen (BCMA)-targeted CAR-T have
established very promising results in heavily pre-treated patients.
Moreover, CAR-T targeting other antigens (i.e., SLAMF7 and CD44v6) are
currently under investigation. However, none of these current autologous
therapies have been approved, and despite high overall response rates
across studies, main issues such as long-term outcome, toxicities, treat-
ment resistance, and management of complications limit as yet their
widespread use. Here, we critically review the most important pre-clinical
and clinical findings, recent advances in CAR-T against myeloma, as well
as discoveries in the biology of a still incurable disease, that, all together,
will further improve safety and efficacy in relapsed/refractory patients,
urgently in need of novel treatment options.
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ABSTRACT

Introduction

Recently engineered chimeric antigen receptors (CAR) have greatly increased
anti-tumor effects of CAR T cells (CAR-T). Impressive results have been observed
with CD19-directed CAR-T in B-cell lymphoproliferative disorders.1-3 In addition,
several CAR-T products have been developed for the treatment of multiple myelo-
ma (MM). None has yet been approved, and, despite high overall response (OR)
across studies, main issues such as long-term outcomes, toxicities and complica-
tions need to be solved to allow their widespread clinical use. In this review, the
European Myeloma Network (EMN) group aimed to describe the most important
pre-clinical and clinical findings, and recent advances in CAR-T technology against
MM that may improve their safety and efficacy. Contents, comments and sugges-



tions have been incorporated in the manuscript after at
least three rounds of discussion resulting in the final unan-
imously approved version.

Target antigens 

CAR are artificial fusion proteins with a modular design
that confer antigen-specificity to T cells in an human
leukocyte antigen (HLA)-independent manner providing
intracellular stimulatory signals to enhance survival, pro-
liferation, cytolytic capacity and cytokine production of T
cells.4 Figure 1 illustrates the components of CAR con-
structs.5-8 For successful CAR-T therapy, identification of
suitable tumor antigens is crucial, since it requires a deli-
cate balance between effectiveness and safety considera-
tions. Ideal antigens should be: (i) highly and homoge-
neously expressed on tumor cell surface, (ii) expressed at
different disease stages, (iii) pivotal in disease pathophys-
iology, (iv) limited or not shed into the bloodstream, (v)
not affected by selective treatment pressure that may
cause down-regulation or elimination, and (vi) not

expressed on normal tissues.9-10 Great progress has been
made to identify potential molecules as CAR targets in
MM. In this section, we summarize pre-clinical data on
the most relevant MM-associated antigens, while a com-
prehensive overview is provided in Table 1.

B-cell maturation antigen

The B-cell maturation antigen (BCMA) gene is located
on chromosome 16 and the BCMA (aliases: CD269,
TNFRSF17) protein, a transmembrane glycoprotein mem-
ber of the tumor necrosis factor receptor (TNFR) super-
family, is expressed on subsets of B cells (plasmablasts and
plasma cells) and up-regulated during B-cell differentia-
tion. It is not expressed on solid organ tissues, hematopoi-
etic cells or naïve B cells.11-12 Along with two associated
receptors (calcium modulator and cyclophilin ligand inter-
actor [TACI] and B-cell activation factor receptor [BAFF-
R]) and its ligands (a proliferation inducing ligand [APRIL]
and B-cell activating factor [BAFF]) BMCA regulates matu-
ration, differentiation, and promotes B-cell survival.13-15
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Figure 1. Chimeric antigen receptor T cells. Chimeric antigen receptors (CAR) are designer proteins that redirect T cells towards a defined surface antigen on tumor
cells. The CAR construct contains four essential components. The extracellular antigen recognition domain consists of a single chain variable fragment (scFv) com-
monly derived from the variable domains of the heavy and light chains (VH and VL) of monoclonal antibodies joined by a linker to provide flexibility and solubility and
therefore improve antigen recognition and binding capacity. The hinge or spacer moiety based on Ig- (IgG1 or IgG4), CD8- or CD28-derived domains, provides flexi-
bility, stability and the suitable length for optimal access to the target antigen. The transmembrane domain links the extracellular and intracellular domains of the
CAR. It is based on CD3ζ, CD4, CD8α, CD28 or ICOS moieties, influences CAR stability and signaling and may also be involved in immune synapse arrangement. The
last components of the CAR construct are the intracellular signaling domains. The activation domain is typically derived from the CD3ζ moiety of the T-cell receptor
(first generation CAR), whereas co-stimulatory domains are derived from CD28, 4-1BB, OX40, CD27, or ICOS (second and third generation CAR). Co-stimulation
results in intracellular signals that further optimize T-cell function, persistence and proliferation. Through additional genetic modifications, so called “armored” CAR
T cells (CAR-T) (fourth generation CAR) secrete cytokines or express ligands to bolster CAR-T function or to overcome the immunosuppressive tumor microenviron-
ment. Taken together, the molecular fine-tuning of pre-existing CAR components can greatly improve cellular migration, foster expansion and persistence of the CAR-
T and decrease toxicity. 



Expression of BCMA in malignant plasma cells is
enhanced compared to non-malignant cells, though levels
are not homogeneous. Its expression is associated with
proliferation and survival of tumor cells and contributes to
the immunosuppressive bone marrow (BM) microenvi-
ronment.15-17 BCMA cleavage by γ-secretase sheds soluble
BCMA (sBCMA) into the bloodstream.18 sBCMA may
play a role in myeloma pathogenesis, and high sBCMA
levels have been associated to worse prognosis.19 BCMA is
currently considered the most compelling antigen for tar-
geted immunotherapy. Carpenter et al. reported on the
first proof-of-concept using a second generation, CD28
co-stimulated CAR against BCMA in the preclinical set-
ting. BCMA CAR-T specifically recognized the antigen,
eradicated in vivo tumors and killed primary myeloma
cells,11 setting the cornerstone for the first-in-human phase
I clinical trial evaluating BCMA CAR-T in MM.20

Transmembrane activator, calcium modulator,
and cyclophilin ligand interactor

TACI (TNFRSF13B) is a transmembrane protein that

recognizes ligands APRIL, BAFF and calcium modulator
and cyclophilin ligand (CAML). It is expressed on subsets
of naïve and memory B cells, plasma cells, non-germinal
center cells, monocytes and dendritic cells. TACI supports
growth and survival in myeloma cells, though its expres-
sion is lower compared to BCMA.21-23 A third-generation
APRIL-based CAR recognizing both BCMA and TACI
antigens has been engineered. Though this construct
demonstrated tumor control in an in vivo model of tumor
escape with BCMA- TACI+ cells,22 the AUTO2 trial (clini-
caltrials gov. Identifier: NCT03287804) was, however ter-
minated because of lack of efficacy.24

CD19
In most B-cell malignancies, CD19 is highly and uni-

formly expressed.25-29 MM was traditionally considered
mostly CD19 negative with low level CD19 expression
attributed to a putative “myeloma stem cell”. However,
highly sensitive direct stochastic optical reconstruction
microscopy (dSTORM) unveiled expression of CD19 on a
considerable subset (10–80%) of myeloma cells in more
than two thirds of patients, of whom only one fifth was
considered CD19 positive by conventional flow cytome-
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Table 1. Potential target antigens for CAR-T therapy for mutiple myeloma.
Antigen                     Expression in MM                              Expression in normal                             Expression in healthy solid              Development state
                                                                                            hematopoietic cells                                organ tissues                                   

BCMA                             60-100%                                                         Late memory B cells, plasma cells            No                                                               Clinical trial
TACI                                78%                                                                Naïve and memory B cells, plasma            No                                                               Clinical trial
                                                                                                                cells, monocytes and dendritic cells
CD19                              10-80%                                                           B-cells, plasma cells                                      No                                                               Clinical trial
SLAMF7 (CD319)        High and uniform expression                 NK-cells, monocytes, macrophages,         No                                                               Clinical trial
                                                                                                                dendritic cells, T cells, B cells, 
                                                                                                                plasma cells 
CD38                              High and uniform expression                 Lymphoid and myeloid cells,                       Prostatic epithelium,                             Clinical trial
                                                                                                                hematopoietic precursors,                         pancreatic islet cells, 
                                                                                                                thymocytes                                                      cerebellar Purkinje cells                       
CD44v6                           43% in advanced stage                              Activated T cells, monocytes                       Keratinocytes                                           Clinical trial
GPRC5D                        ≥50% in 65% of patients                           B-cells, plasma cells                                      Hair follicles                                             Clinical trial
CD138                            High expression                                         Plasma cells                                                     Epithelial cells, gastrointestinal         Clinical trial
                                                                                                                                                                                            tract and hepatocytes
NKG2D                          Heterogenous                                             NK, T and γδ T cells                                       No                                                               Clinical trial
k light chain                 κ-restricted myeloma cells                     Mature B cells                                                 No                                                               Clinical trial
CD56                              High expression, decreased                   T and NK cells                                                 Central and peripheral                          Clinical trial
                                         in extramedullary disease                                                                                                   nervous system
Lewis Y                          50%                                                                No                                                                       Epithelial cells                                         Clinical trial
NY-ESO-1                      60-100%                                                         No                                                                       No                                                               Clinical trial
CD229 (SLAMF3)        High and homogeneous                            T, NK and B cells                                            No                                                               Preclinical investigation
                                         expression, probably in myeloma 
                                         stem cell                                                       
Integrin b7                   High expression                                         High expression in B cells and                   No                                                               Preclinical investigation
                                                                                                                low to moderate expression in 
                                                                                                                CD34+ hematopoietic cells
CD70                              0.2-42%                                                          Activated T and B cells, dendritic              No                                                               Preclinical investigation
                                                                                                                cells and plasma cells
CD1d                              High expression                                         Antigen-presenting cells,                             Epithelial cells                                         Preclinical investigation
                                                                                                                thymocytes, B cells, and 
                                                                                                                hematopoietic stem cells
BCMA: B-cell maturation antigen; GPRC5D: G protein-coupled receptor class C group 5 member D; NKG2D: Natural Killer Group 2 member D; NY-ESO-1: New York Esophageal Squamous
Cell Carcinoma 1; SLAMF3 and SLAMF7: signaling lymphocytic activation molecules family member 3 and 7; TACI: Transmembrane activator, calcium modulator, and cyclophilin ligand
interactor.



try. As CAR-T can eliminate cells expressing less than 100
target antigens/cell, CD19 has become a relevant CAR tar-
get antigen. In preclinical models, BCMA-CD19 bispecific
CAR-T eliminated myeloma cell lines more potently than
BCMA- or CD19-directed CAR-T alone.30 Due to an off-
target expression limited to B cells, toxicity concerns of
(co-)targeting CD19 are limited and clinical evaluation of
bispecific CAR-T is ongoing (clinicaltrials gov. Identifier:
NCT03455972, NCT03549442).

SLAMF7
The elotuzumab target antigen signaling lymphocytic

activation molecule (SLAM) family member 7 (SLAMF7,
aliases: CD319, CS-1, CRACC) is an immunomodulatory
transmembrane receptor, initially identified on the surface
of natural killer (NK) cells.31 It is expressed on a variety of
other innate immune cells,32 but also T cells, B cells and
plasma cells.31-33 Importantly, SLAMF7 is expressed on
aberrant plasma cells and its precursor34 and confers hom-
ing of the myeloma cells to the BM niche. While redirect-
ing T cells against a self-antigen may appear difficult, pre-
clinical experiments demonstrated that it is feasible to
generate clinically relevant doses of SLAMF7-directed
CAR-T, with or without additional inactivation of the
endogenous SLAMF7 gene.33-35 In preclinical models,
potent anti-myeloma activity was demonstrated, resulting
in rapid, comprehensive and sustained cell depletion.33
SLAMF7-directed CAR-T eliminated SLAMF7 positive
lymphocytes in vitro, while SLAMF7 negative lympho-
cytes were spared and retained their functions.33 Clinical
evaluation of SLAMF7 CAR-T with functional safety
switches is currently ongoing (clinicaltrials gov. Identifier:
NCT03958656, EudraCT Nr.2019-001264-30).

CD38
Successfully targeting CD38 (cyclic ADP ribose hydro-

lase, ADPRC1) with daratumumab and isatuximab has led
to the development of anti-CD38 CAR-T. CD38 is a trans-
membrane glycoprotein that functions as an ectoenzyme,
adhesion molecule and regulator of migration and signal-
ing. It is expressed on malignant plasma cells,36 but low
expression can be found on lymphoid and myeloid cells,
hematopoietic precursors,37 thymocytes, cerebellar
Purkinje cells and other tissues. CD38 is an activation
marker of T cells at intermediate or late activation stages.
As CD38-directed CAR-T demonstrated great antigen-
specific efficacy in preclinical myeloma models,38 affinity
modification of the CAR was developed as an approach to
mitigate on-target, off-tumor toxicity towards other CD38
positive hematopoietic cells. Affinity reduction of the
antigen binding domain by a factor of 1,000 enabled selec-
tive elimination of myeloma cells with high CD38 expres-
sion while sparing normal cells with less pronounced
CD38 expression. However, it has been reported that lev-
els of CD38 expression on myeloma cells can decline over
the disease course.39 In this regard, agents that induce
selective modulation of CD38 expression levels, such as
all-trans retinoic acid (ATRA) or histone deacetylase
(HDAC) inhibitors,40 represent a promising group for com-
bination therapy with CD38-directed CAR-T. In order to
address the issue of antigen reduction by increasing the
potency of the cell product, a novel construct termed
“dimeric antigen receptor” (DAR) was developed. In fact,
the DAR T cells that incorporate a fragment antigen-bind-

ing (Fab) moiety instead of the single chain variable frag-
ment (scFv), demonstrated superior preclinical activity.
However, their clinical relevance, and the risk of on-target,
off-tumor effects, remains to be determined.

CD44v6
CD44 glycoproteins are encoded by a highly conserved

gene,41 but are nevertheless characterized by considerable
protein heterogeneity due to post-transcriptional modifi-
cations or splicing variants. While CD44 plays a role in
physiological processes and is expressed on healthy tis-
sues,42 the isoform variant 6 is relatively restricted to
malignant cells43,44 including plasma cells. In healthy tis-
sues, CD44v6 expression is limited to skin keratinocytes.
It is absent on hematopoietic precursor cells, but low level
expression can be found on activated T cells and mono-
cytes. While the development of an anti-CD44v6
immunoconjugate was discontinued due to severe skin
toxicities,45 preclinical investigation of CD44v6-directed
CAR-T showed promising efficacy with no impact on ker-
atinocytes that represent potentially immune-privileged
sites.46 The clinical relevance of the observed monocyte
depletion remains unclear. However, as monocyte-derived
cytokines play a relevant role for the pathogenesis of
cytokine release syndrome (CRS) and immune effector
cell-associated neurotoxicity syndrome (ICANS), a benefi-
cial effect is possible and clinical evaluation is ongoing
(clinicaltrials gov. Identifier: NCT04097301). 

GPRC5D 
The orphan G protein–coupled receptor, class C group 5

member D (GPRC5D), is expressed ubiquitously in malig-
nant bone marrow plasma cells (500 to 1,000 times higher
expression than on normal cells), hair follicles, and in the
lung. CAR-T targeting GPRC5D have demonstrated
promising preclinical activity, and a phase I clinical trial is
ongoing (clinicaltrials gov. Identifier: NCT04555551). 

CD229 
CD229, a SLAM family receptor ("SALM3"), is generally

expressed on myeloma cells and "precursor" myeloma
cells. Its high expression suggests a potential as a target for
CAR-T studies have shown that this newly designed
CD229 CAR-T has high activity against MM cells, mem-
ory B cells and MM stem cells in vitro and in vivo.47

Clinical studies

B-cell maturation antigen-specific chimeric antigen
receptor T cells
The National Cancer Institute group performed the first

study with BCMA-specific CAR-T with a CD28 costimu-
latory domain (murine scFv) in heavily pretreated
patients.20 At the highest CAR-T dose (9x106 cells/kg), 13
of 16 patients (81%) achieved at least partial response (PR)
with a median event-free survival of 31 weeks. Other
studies confirmed high activity of BCMA CAR-T in this
patient subset.48-50 Advanced clinical findings have been
reported with ide-cel50,51 and cilta-cel.48 Both therapies
received Food and Drug Administration breakthrough
designation. In this section, we will discuss these two
CAR-T products. CAR-T constructs and main clinical
characteristics are summarized in Table 2. 

CAR T cell therapies in multiple myeloma 

haematologica | 2021; 106(8) 2057



Ide-cel (bb2121)
The first-in-man study with ide-cel (CRB-401) evaluated

escalating doses of CAR-T (50x106, 150x106, 450x106, or
800x106 in the dose-escalation phase, and 150x106-450x106
in the expansion phase) in extensively pretreated MM
(median of six prior therapy lines; 69% triple-class refrac-
tory).51 Sixty-two patients were enrolled. At least PR was
achieved by 76% of patients including complete response
(CR) in 39%. All 15 patients with ≥CR who had an assess-
ment for minimal residual disease (MRD) were MRD-neg-
ative at the level of 10-5. Baseline BCMA expression or
sBMCA levels did not affect response. There was a trend
towards lower response in patients who received

≤150x106 CAR-T, in those with less in vivo CAR-T expan-
sion, and in those with high-risk cytogenetic abnormali-
ties. Median progression free survival (PFS) was 8.8
months for all patients, and 9.0 months for those who
received 450x106 CAR-T. Median overall survival (OS)
was 34.2 months. Based on these promising results of the
phase I trial, a second trial (KarMMa, phase II study) was
initiated to evaluate the value of ide-cel in larger numbers
of patients who were previously exposed to immunomod-
ulatory drugs (IMiD), a proteasome inhibitor, and a CD38
antibody.50 In this study 140 patients were enrolled with a
manufacturing success of 99%; 128 of 140 (91%) received
CAR-T, whereby 88% received bridging therapy prior to
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Table 2. Ide-cel and Cilta-cel: CAR-T and clinical characteristics
                                                               Ide-cel (bb2121) / KarMMa (phase II)                                       Cilta-cel (JNJ-4528) / CARTITUDE-1 (phase IB/ II) 

Antigen-binding domain                                  scFv (murine)                                                                                               Bispecific variable fragments of llama heavy-chain 
                                                                                                                                                                                                          antibodies; two distinct BCMA epitopes are targeted
Signaling domains                                             CD3ζ/4-1BB                                                                                                    CD3ζ/4-1BB
Vector                                                                  Lentiviral                                                                                                         Lentiviral  
Other features                                                   Bb21217 uses the same CAR construct as used for ide-cel.             Bi-epitope BCMA binding confers high avidity binding
                                                                                During ex vivo culture a PI3K inhibitor is added to enrich
                                                                                for CAR-T with memory-like phenotype                                                 
Lymphodepletion                                              Flu/Cy                                                                                                               Flu/Cy
CAR-T dose                                                          150-450x106                                                                                                     Median dose: 0.71x106/kg
Number of patients                                           128 (140 patients underwent leukapheresis)                                       Data presented for first 97 (113 patients were 
                                                                                                                                                                                                          enrolled/apheresed
Bridging therapy (%)                                        88                                                                                                                      65
Number of prior therapies (median)          6                                                                                                                        6
Triple-class refractory (%)                             84                                                                                                                      88
High-risk cytogenetics (del(17p), t(4;14), or t(14;16) (%)                                                                                               35 24
Extramedullary disease (%)                           39                                                                                                                      13
≥PR                                                                        150-450x106:  73%                                                                                          97%
                                                                                150x106 : 50%
                                                                                300x106 : 69%
                                                                                450x106 : 82%
≥CR                                                                       150-450x106:  33%                                                                                          67%
                                                                                150x106 : 25% 
                                                                                300x106 : 29%
                                                                                450x106 : 39%
Median PFS                                                         150-450x106: 8.8 months                                                                               Median PFS: Not reached; 12-month PFS rate: 77%
                                                                                150x106 : 2.8 months
                                                                                300x106 : 5.8 months
                                                                                450x106 : 12.1 months
CRS (all grades) (%)                                        84                                                                                                                      95
CRS (grade ≥3) (%)                                         5                                                                                                                        4
Median time to CRS onset                              1                                                                                                                        7
(any grade) (days)
Median duration of CRS 
(any grade) (days)                                          5                                                                                                                        4
Neurotoxicity (all grades) (%)                      18                                                                                                                      21 (ICANS: 17%; other neurotoxicity*: 12%)
Neurotoxicity (grade ≥3) (%)                        3                                                                                                                        10 (ICANS: 2%; other neurotoxicity: 9%)
Median time to neurotoxicity onset 
(any grade) (days)                                          2                                                                                                                        ICANS: 8 days; other neurotoxicities*: 27 days
Median duration of neurotoxicity 
(any grade) (days)                                          3                                                                                                                        ICANS: 4 days; other neurotoxicities: 75 days
Time to peak CAR-T expansion (days)         11                                                                                                                      13
CAR-T persistence 6 months, %                     59                                                                                                                      42
*Other neurotoxicities are defined as neurotoxicities occurring after resolution of cytokine release syndrome (CRS) and/or immune effector cell-associated neurotoxicity syndrome
(ICANS). PR: partial response; CR: complete response; PFS: progression free survival. 



CAR-T. Patients were highly pretreated with a median of
six prior therapy lines and 84% had triple-class refractory
disease (refractory to one protease inhibitor [PI], one
IMiD, and a CD38 antibody). At least PR was achieved by
73% including ≥CR in 33%. MRD-negative CR was
achieved in 26%. Median time to response was 1 month.
Fifty-four patients, who received 450x106 CAR-T, had
superior response (≥PR: 82%; ≥CR: 39%; MRD-negative
CR: 28%) when compared to lower doses. Revised
Multiple Myeloma International Staging System (R-ISS)
stage 3 disease at enrollment had inferior response, com-
pared to R-ISS stage 1 or 2. As in the phase I trial, baseline
BCMA expression did not affect response to ide-cel. With
median follow-up of 13.3 months, overall median PFS was
8.8 months. Median PFS increased with higher CAR-T
dose with a median PFS of 12.1 months for patients who
received 450x106 CAR-T. Patients, who achieved at least
CR, also experienced better PFS (≥CR: median PFS of 20.2
months; very good partial response [VGPR]: median PFS
of 11.3 months; PR: median PFS of 5.4 months; no-
response: 1.8 months). Median OS was 19.4 months.
Durable CAR-T persistence was observed up to 1 year:
CAR-T were detected at 1, 3, 6, 9, and 12 months in 99%,
75%, 59%, 37%, and 46% respectively. CAR-T expansion
was increased at higher doses. In an ongoing phase III
study, ide-cel is compared with standard-of-care regimens
in patients with 2-4 prior regimens, including IMiD, PI,
and CD38 antibody (KarMMa-3). Ide-cel is also evaluated
in the multi-cohort KarMMa-2 study, in patients with
early relapse after first-line therapy or patients with sub-
optimal response after autografting (<VGPR).

Cilta-cel (JNJ-4528)
The CARTITUDE-1 study evaluates cilta-cel (target

dose: 0.75x106 CAR+ T /kg) in patients exposed to PI,
IMiD and CD38 antibody. Preliminary results were pre-
sented at the 2020 ASH conference. Sixteen of 113
patients, who underwent apheresis, were not dosed
because of consent withdrawal (n=5), progressive disease
(n=2) or death (n=9). The remaining 97 patients had
received a median of six prior lines of therapy. Ninety-
seven percent of patients achieved at least PR with strin-
gent CR in 67%. Fourty-eight of the 57 patients evaluable
for MRD, 93% were MRD-negative at the level of 10-5.
Response was independent of baseline BCMA expression.
Median time to first response was 1 month. At a median
follow-up of 12.4 months, 12-month PFS was 77%. Peak
CAR-T expansion was observed around day 10-14, and
CAR-T were observed in 36% of patients at 3 months of
follow-up.52 Interestingly, response to cilta-cel was inde-
pendent of CAR-T expansion and persistence.52 In the
Chinese LEGEND-2 trial, different conditioning regimens
were used, as well as variable CAR-T infusion methods
(split vs. single infusion). The Xi’an site, which used
cyclophosphamide lymphodepletion therapy and three
CAR-T cell infusions (dose: 0.07-2.1x106/kg; median dose:
0.50x106/kg), enrolled 57 out of 74 patients.53 These
patients had received a median of three prior lines of ther-
apy (prior PI and IMiD: 60%). Overall response rate (ORR)
was 88% with CR in 74% (median time to response: 1
month). MRD-negative CR was achieved in 68%. At a
median follow-up of 25 months, median PFS was 19.9
months for all patients, while it was 28.2 months for those
in CR. Median OS was 36.1 months (not reached for
patients in CR). Cilta-cel is also being evaluated in a phase

III study (CARTITUDE-4), which compares CAR-T versus
pomalidomide, bortezomib and dexamethasone or dara-
tumumab, pomalidomide and dexamethasone in relapsed
and lenalidomide-refractory MM. In addition, the ongoing
CARTITUDE-2 study is evaluating cilta-cel in different
patient populations, including those with early relapse
after frontline therapy, prior exposure to a BCMA-target-
ing drug, and those with <CR post-auto-SCT.

Other B-cell maturation antigen-specific chimeric 
antigen receptor T cells  
In order to further improve the activity and/or persist-

ence of CAR-T, several studies are evaluating novel
BCMA-targeting CAR-T. Studies include CAR constructs
containing a fully human BCMA-specific binding domain
to reduce development of humoral and/or cellular
immune responses against CAR-T, which may impair
CAR-T persistence.49,54-56 One of these products with a
fully human antigen-binding domain is orva-cel (orvacab-
tagene autoleucel), which is currently evaluated in the
phase I/II EVOLVE study. This study shows promising
efficacy of orva-cel in heavily pretreated MM (median of
six prior lines of therapy; 94% triple-class refractory). At
least PR was achieved in 92% of 62 patients treated at
higher dose levels (300-600x106 CAR-T), with CR in 36%.
Follow-up is ongoing. Treatment was associated with a
low incidence of grade ≥3 cytokine release syndrome (3%)
and grade ≥3 neurotoxicity (3%). Following CAR-T, there
was robust expansion and durable persistence (69% of
patients had detectable CAR-T at 6 months). Moreover,
preclinical studies have shown that enrichment for
BCMA-targeting CAR-T displaying a memory-like pheno-
type leads to improved persistence in mouse models,57
which may result in more durable disease control.
Bb21217 uses the same CAR molecule as ide-cel, but
bb21217 is cultured in the presence of a PI3 kinase
inhibitor, which leads to enrichment for CAR-T with a
memory-like phenotype. Preliminary results showed effi-
cacy in 69 heavily pretreated patients (64% triple-class
refractory) with an ORR of 68% (CR of 29%; median
response duration: 17.0 months). Interestingly, a high
memory-like T-cell count in the drug product was associ-
ated with superior CAR-T expansion and less progression
at 6 months. The manufacturing process for orva-cel is
also designed to produce CAR-T enriched for central
memory T-cell phenotype.56 Other trials are evaluating
combinations of CAR-T with other drugs to improve
activity and durability of response. Based on preclinical
data showing that the T-cell stimulatory effects of IMiD
enhance the efficacy of CAR-T,58-60 several ongoing clinical
studies are evaluating the combination of lenalidomide
and CAR-T. The combination of BCMA CAR-T with γ-
secretase inhibitors  is also investigated, because in vitro
studies show that γ-secretase inhibitors block BCMA
cleavage and increase BCMA cell surface expression lev-
els.54,61 These results are confirmed in an ongoing clinical
study, which shows that gamma secretase inhibition
enhances BCMA surface expression on MM cells and
reduces soluble BCMA levels.54

CD19-specific CAR-T 
Recent studies showed that MM cells express ultra-low

levels of CD19,30 moreover MM cells with disease-propa-
gating properties also express CD19. This formed the
rationale for the evaluation of CD19-specific CAR-T in
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MM.62 One study evaluated CD19 CAR-T following sal-
vage high-dose therapy and autologous transplantation.
All ten patients had shown a PFS shorter than 1 year from
a previous transplant. Two experienced a longer PFS after
transplant plus CD19 CAR-T therapy, compared with first
autologous stem-cell transplantation. Only one patient
experienced CRS (grade 1).63

Chimeric antigen receptor T-cell toxicity 
in multiple myeloma

CAR-T may induce several life-threatening side effects
such as CRS and ICANS.64 Hemophagocytosis and pro-
longed cytopenias may also occur. CRS mainly consists of
fever, hypotension, hypoxia and organ toxicity, which
may result in organ failure. ICANS may include several
symptoms: impaired concentration, cognitive disorders,
confusion, agitation, tremor, lethargy, aphasia, delirium,
somnolence, seizures, motor weakness, paresis or signs of
intracerebral pressure. ICANS usually occurs during or
after CRS and may manifest a biphasic course, in about
10% of cases up to 4 weeks after CAR-T infusion. A ten-
point neurologic assessment, at least twice a day, using the
ICE screening tool is recommended for early detection.64
Reported toxicity rates of hallmark studies are illustrated
in Table 3. Importantly, a broad consensus statement
offering updated comprehensive recommendations for the
treatment of toxicities associated with immunotherapies
has been recently published.65 Though many aspects
remain unknown, mechanisms underlying CRS and
ICANS have become clearer. Several factors contribute to
different toxicity rates.65 Moreover, incidence and severity
of adverse effects vary between diseases. While the inci-
dence of any grade CRS is comparable between diseases,
CRS severity (≥grade 3) is highest in patients with ALL
and lowest in MM. This may partly be explained by dis-
ease burden and aggressiveness. In addition, earlier treat-
ment of CAR-T side effects with more experience in

recent trials may have contributed to reduce progression
to higher grades of toxicity. Unlike CRS, incidence of
ICANS is higher in ALL or lymphoma and appears lower
in MM patients. Other factors such as tumor burden, prior
treatment, CAR-T constructs and dose administered have
been described. Several grading systems have been pro-
posed to assess CRS and ICANS. Recently, the American
Society for Transplantation and Cellular Therapy grading
system was compared to other grading scores in two adult
populations.66 Interestingly, incidence of CRS and ICANS
were similar in all grading systems. By contrast, only 25%
and 54% of patients were however assigned to the same
severity grade given the discrepancies in scoring adverse
symptoms. These differences may also easily lead to
inconsistent management guidelines among studies.
Overall, efforts should be made to unify grading systems
be used across clinical trials.

Improving chimeric antigen receptor T-cell ther-
apies in multiple myeloma

Despite numerous autologous CAR-T products under
development67,68 and encouraging high response rates,69
none have yet been approved, with BCMA remaining the
best evaluated target.49,51,69 Other limitations are toxicities,
resistance mechanisms, availability, and patient manage-
ment (Table 4). Here we highlight possible strategies for
improvement.70,71

Safety 
Preventing cytokine release
The pro-inflammatory interleukin-6 (IL-6) is increasing-

ly acknowledged to play a central role in the pathogenesis
of CRS.47 A recent study designed a nonsignaling mem-
brane-bound IL-6 receptor (mbaIL6) which was constitut-
ed by a scFv derived from an antibody against IL-6, and
linked to a transmembrane anchoring peptide. The study
identified expression of mbaIL6 on the surface of T cells

Table 3. Toxicity of CAR-T cell treatment in multiple myeloma
CAR-T                     Construct           Cell dose                                       Trial               Sponsor           N             Cytopenia 3/4                  CRS 3/4      ICANS 3/4     Ref

BCMA/CD28                                                9x106 cells / kg bw                     First-in-humans           NIH                 16               leucopenia 94%                         38%                    6%               30
                                                                                                                                                                                                                  neutropenia 88%
                                                                                                                                                                                                                  thrombopenia 63%
                                                                                                                                                                                                                  prolonged 13%
BCMA/4-1BB                                               C1: 1-5x108 total cells                       Phase I                 UPenn               25               leucopenia 44%                         32%                   12%              49
                                                                       C2: Cy+1-5x107 total cells                                                                                             neutropenia 44%
                                                                       C3: Cy+1-5x108 total cells                                                                                             thrombopenia 28%
                                                                                                                                                                                                                  prolonged n.r.
BCMA/4-1BB              LCAR-B38M           med. 0.5x106 cells / kg bw            LEGEND-2               China                57               leucopenia 30%                          7%                     0%               53
                                      (JNJ-4528)                                                                                                       (Phase 1)                               neutropenia n.r.
                                                                                                                                                                                                                  thrombopenia 23%
                                                                                                                                                                                                                  prolonged 16% 
BCMA/4-1BB              JNJ-4528                 med. 0.73x106 cells / kg bw       CARTITUDE-1          Janssen             29               leucopenia 59%                          7%                     3%               48
                                                                                                                                 (Phase I/II)                                                           neutropenia 100%                                                                     68
                                                                                                                                                                                                                  thrombopenia 69%
                                                                                                                                                                                                                  prolonged n.r.
BCMA/CD28               bb2121                    50-800 x 106 total cells                     CRB-401         BMS / Celgene       33               leucopenia 58%                          6%                     3%               51
                                                                                                                                   (Phase I)                                                             neutropenia 85%
                                                                                                                                                                                                                  thrombopenia 45%
                                                                                                                                                                                                                  prolonged n 3% t 35%
CRS: cytokine-release syndrome; ICANS: immune effector cell-associated neurotoxicity syndrome; Ref.: references; bw: body weight; C: cohort; Cy: cyclophosphamide; n.r.: not reported; n: number of patients.
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which was associated with rapid removal of IL-6 from the
culture supernatant. Furthermore, T-cell proliferation
increased while the signaling and function of IL-6 was
neutralized. T cells co-expressing mbaIL6 and anti-CD19
CAR, neutralized IL-6 derived from macrophages while
maintaining antitumor activity in vitro and in a xenograft
model.72 Thus, CAR-T incorporating the capacity to
remove IL-6 may provide new strategies for preventing
CRS. Another strategy is the incorporation of “suicide”
switches, such as constructs containing a CAR and
inducible caspase 9. Administration of a small molecule
causing dimerization of inducible caspase 9 resulted in
apoptosis and CAR-T-specific depletion.73

Reducing off-tumor on-target toxicity 
In order to avoid adverse off-tumor effects, spatial and

temporal activity of CAR-T need to be limited. Under this
hypothesis, GPRC5D has been proposed as a novel target
antigen, expressed on almost all CD138+ cells.74 Like
BCMA, its expression is restricted to plasma cells, except
for hair follicles. Preliminary results of anti-GPRC5D
CAR-T showed potent anti-MM efficacy in vitro and in a
mouse model, with the encouraging finding that these
cells also effectively eradicated MM after treatment with
anti-BCMA CAR-T. Most recently, it was demonstrated
that simultaneous targeting of GPRC5D and BCMA could
prevent relapse mediated by BCMA escape. Several multi-
target constructs were compared and in BCMA-negative
disease, dual-target (bicistronic) and pooled approaches
exhibited the highest efficacy, whereas for
GPRC5D/BCMA-expressing disease, the dual-target
appeared to be more efficacious. Mechanistically, express-
ing two CAR on one cell enhanced the strength of CAR-
T/target interactions.

Reducing immunogenicity and simplifying structures  
In order to reduce the immunogenicity of the CAR bind-

ing domain, human or humanized scFv have been used
more frequently in recent studies, instead of murine
sequences.68,75 Furthermore, a reduction of immunogenici-

ty might be achieved by the incorporation of heavy-chain-
only binding domains, which subsequently simplify the
structure of the CAR antigen-binding domain without
having a light-chain domain.76 In general, simplified struc-
tures may facilitate better gene expression by transduced
T cells.76,77 Moreover, limiting the size of expressed genes
is important for the potential expression of >1 protein.78,79
A recent study demonstrated that CAR with antigen-
recognition domains consisting of only a fully human
heavy-chain variable domain (FHVH33) in addition to 4-
1BB and CD3ζ domains mediated comparable cytokine
release, reduction in tumor burden, and degranulation in
mice when compared to an identical CAR with a conven-
tional scFv.76,80 Further investigations identified a crucial
contribution of 4-1BB in reducing activation-induced cell
death, enabling survival of T cells expressing FHVH33-
CAR.76

Efficacy
Understanding antigen loss 
Some relapses are either antigen-negative or antigen-

low.80 One study in leukemia mouse models could dissect
evidence for CAR promoting reversible antigen loss
through a mechanism called trogocytosis.81 This mecha-
nism defines an active process of rapid intercellular trans-
fer of membrane fragments and related molecules. The
specific target antigen is transferred to T cells resulting in
decreased density on tumor cells, leading to declined T-
cell activity by boosting fratricide T-cell killing and
exhaustion.81 These cascades affected CAR constructs that
included different costimulatory domains (CD28 or 4-
1BB), and the effect was dependent on antigen density.
Thus, it was hypothesized that multi-target CAR-T could
overcome these limitations.81

Multi-targeting
T-cells expressing single-chain bispecific CAR are able

to prevent antigen escape.68,82 Moreover, CAR pools com-
bining two single-input CAR-T products have been pro-
posed (Figure 2). Pooling a humanized anti-CD19 and a
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Table 4. Limitations and ways to improve CAR-T therapy in multiple myeloma.
                                   What may limit CAR-T therapy?                                               How to improve CAR-T therapy?

Toxicity                            On-target, on-tumor                                                                              Anti-IL6 treatment and prevention
                                                                                                                                                               Safeguard designs incorporating drugs such as rituximab/cetuximab
                                           On-target, off-tumor                                                                              Tackling immunogenicity
                                                                                                                                                               Simplified CAR structures (e.g., heavy-chain-only binding domains)
Resistance                      Impaired CAR-T expansion/persistence                                           Multi-targting therapy (dual-target, OR-target, CARpool)
                                                                                                                                                               More accurate measurement of expansion/persistence
                                                                                                                                                               “Suicide switches”
                                           Immunosuppression induced by BM microenvironment             Combination of immunomodulatory modulation and CAR-T
                                                                                                                                                               Senolytic CAR-T (?)
                                           Antigen loss or downregulation                                                          Address trogocytosis
                                                                                                                                                               Increase antigen density (e.g. γ-secretase-inhibition for 
                                                                                                                                                               anti-BCMA therapy)
Management                  Suboptimal recognition and treatment of severe events             Increase comparability and knowledge sharing of intensive care 
                                                                                                                                                               unit management and other care settings
                                                                                                                                                               Outcome prediction
Availability                      Lack of scale-up                                                                                      Allogeneic CAR-T
                                           High costs                                                                                                 Optimize supply chain models (e.g., intermediate players 
                                           No stockpiling                                                                                          for cryopreservation)
                                           Time
BCMA: B-cell maturation antigen; IL6: interleukin-6; BM: bone marrow.



murine anti-BCMA CAR-T was investigated in 22
patients.63 The study had a median follow-up of 6 months
and reported a high ORR of 95%, with CR of 57%, and
relatively low CRS of grades ≥3 (4%).63 Preliminary results
of two other CD19/BCMA studies showed similar ORR
but lower CR (22% and 16%).83,84 One study investigated
dual-target CAR-T co-expressing two full-length recep-
tors, namely CD38 and BCMA.85 Median follow-up was 9
months and the ORR was 88%. PFS was 75% and higher
CRS of grades ≥3 were noted compared with tandem
CAR (25%). OR-gate tandem CAR consist of a single CAR
structure targeting two antigens with two distinct antigen
recognition domains (scFv) linked consecutively with a
single signal transducing intracellular domain.82-86 A recent
study using CS1/BCMA tandem CAR-T showed superior
CAR expression and function in comparison with T cells
co-expressing individual CS1 and BCMA CAR. When
compared to the OR-gate (tandem) CAR, dual-target CAR
require a much larger genetic payload, leading to poorer
transduction efficiency and reduced proliferation. A recent
Chinese study using BCMA-CD19 dual FasT CAR-T
showed an overall response rate of 93.8% with median
duration of follow up of 7.3 months at cutoff. Importantly,
most patients showed high-risk features.87 A much more
compact genetic footprint may greatly support viral inte-
gration, thus product manufacturing, suggesting an advan-
tage for single-chain tandem CAR in relation to dual-tar-
geting. With respect to CARpools, this strategy could
avoid poor transduction efficiency. Among these three
approaches, mechanistically, CAR pool may be the least
effective.80

Targeting the tumor microenvironment
The BM milieu is heavily involved in MM pathogenesis

and resistance to treatment. Conflicting data exist on
whether monoclonal antibodies against CD38 are effec-
tive in the BM microenvironment,88 whereas
immunomodulatory agents may be able to overcome
these inhibitory effects.89 Accordingly, combining these
drugs with CAR-T therapy may provide synergistic
effects.59 Conversely, tissue microenvironment itself is

modulated by secretory programs and stable cell-cycle
arrest, defined as cellular senescence, which is a tumor-
suppressive mechanism. Accumulating aberrant senescent
cells create an inflammatory milieu resulting in tissue
damage and fibrosis. In order to eliminate these senescent
cells, “senolytic” CAR-T have been proposed.90 One study
discovered the cell-surface protein urokinase-type plas-
minogen activator receptor (uPAR) being broadly induced
during senescence,88 and further dissected that anti-uPAR
CAR-T efficiently ablated senescent cells in vitro and in
vivo, restoring tissue homeostasis in mice with liver fibro-
sis.90 In MM, it has been shown that u-PAR contributes to
the functioning of cancer-associated fibroblasts during
MM progression,91 and that higher expression of u-PAR
was associated with disease progression, worse survival
and early extramedullary spread of MM cells. Although it
has to be noted that a caveat of senolytic CAR-T are the
potential off-target toxicities,92 these results may encour-
age the incorporation of cellular strategies specifically
addressing the MM microenvironment. 

Availability and management
Allogeneic chimeric antigen receptor T cells
Allogeneic CAR-T may decrease cost and enable broad-

er availability.93 Notwithstanding, allogeneic CAR-T bare
the risk for graft-versus-host disease (GvHD). For this rea-
son, TALEN- and CRISPR-based gene editing has been
introduced to produce allogeneic CAR-T with off-the-
shelf availability.68,93,94 One recent study on allogeneic anti-
BCMA CAR-T used gene editing, namely TALEN, to con-
fer resistance to lymphodepletion and to reduce GvHD
risk.95 By further incorporating a CD20 mimotope-based
switch-off within the CAR, rituximab could be given to
eliminate the CAR-T in case of adverse events. Another
preclinical approach using similar safety features but anti-
CS1 CAR-T (UCARTCS1),35 specifically degranulated and
proliferated in response to MM cells, supporting further
evaluation and testing of this universal therapy. Current
investigational studies also include (i) the non-viral
piggyBac system, aimed at transposing stem cell memory
T cells together with (ii) the Cas-CLOVERTM gene editing
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Figure 2. Overview of current multi-targeted chimeric antigen receptor T-cell approaches. Multi-targeting may be a mean to improve efficacy of CAR-T. Three major
methods could be exploited: OR-gate (tandem) CAR-T: consist of the expression of two different CAR on the same T cell; dual-target CAR-T: consist of encoding two
different target specific single-chain variable fragment antibodies on same CAR protein using a single vector; CARpool: involves production of two separate single tar-
get CAR-T products infused together or sequentially.



system consisting of CRISPR guide-RNA and dead Cas9
fused to Clo51 nuclease, and (iii) a nano-particle delivery
system carrying the gene for an anti-BCMA Centyrin-
based CAR with a fully human binding domain.
Rimiducid, a lipid-permeable tacrolimus analogue and
protein dimerizer, may be administered for safety switch
activation.96 Two phase I dose escalation and cohort
expansion studies have recently been initiated. The
CTX120 (clinicaltrials gov. Identifier: NCT04244656) is
using anti-BCMA allogeneic CRISPR-Cas9-engineered T
cells and the PBCAR269A (clinicaltrials gov. Identifier:
NCT04171843) which applies its own gene editing tool
(ARCUS) for GvHD risk reduction. 

Integration of chimeric antigen receptor T cells
into clinical routine - FACT-JACIE* standards
and EBMT** guidelines 
Since 2018, with version 7.0, the *Joint Accreditation

Committee of ISCT and the **European Bone Marrow
Transplantation Group (EBMT) (JACIE) prerequisites for
cell therapy accreditation have included standards for
infusions of immune-effector cells and CAR-T. The cur-
rent recommendation is that CAR-T should be adminis-
tered within the framework of an accredited allogeneic
transplant program. The Foundation for the Accreditation
of Cellular Therapy (FACT)-JACIE do not cover the man-
ufacturing of CAR-T but do include supply chain and han-
dover of responsibilities when the product is provided by
third party. Overall, JACIE standards are structured on the
basis of three major functional areas in cellular therapy:
cell collection, laboratory processing, and clinical program.
All areas required dedicated and highly qualified person-
nel. Accredited programs for cell therapy must implement
a product labeling system that guarantees identification
and traceability from collection to manufacturing site and
return to clinical units. EBMT recommendations further
stress the importance of staff training97 and of multidisci-
plinary approaches with teams who include transplant
physicians along with qualified internal medicine sub-spe-
cialists after a specific education program. Importantly,
CAR-T infusions should be coordinated with intensive
care specialists. All accredited centers must implement a
policy for rapid escalation of care for critically ill patients
including availability of specific drugs (i.e., tocilizumab).
Though complications may vary among CAR-T products,
they tend to follow a predictable timeline contributing to
bed-planning decisions. Recent reports allow designing
protocols for anti-infective prophylaxis and common post-
infusion complications such as infections and tumor lysis
syndrome.98 Inevitably, the unfortunate COVID-19 pan-
demic stresses the importance of scrupulous adherence to

recommended hygiene procedures.99 Importantly, an
EBMT registry, for all transplant centers accredited for cell
therapies, has been created to collect date on efficacy, side
effects and clinical outcomes for post-marketing surveil-
lance. 

Conclusions

The clinical role of CAR-T in the current armamentari-
um of MM treatments remains as yet to be fully deter-
mined. Moreover, other promising forms of antibody-
based immunotherapies have been added.  Despite some
limitations of CAR-T therapy experienced in early studies
in MM, one advantage of this cellular therapy is the inher-
ent potential to finetune its design. Simpler structures and
multi-target approaches may significantly improve effica-
cy and safety. Constant learning to handle CAR-T therapy
may also enable better patient-centered management.
Last, long-term outcome studies and specific detection
and analysis of CAR-T dynamics in vivo are essential to
allow deeper understanding of their inherent functions
which will facilitate future designs of improved CAR-T
products. However, selecting patients who may most ben-
efit from CAR-T and best timing of their administration
still require rather lengthy and thorough clinical investiga-
tions. One more challenge that lies ahead will be the cost
effectiveness of future commercial products. This issue
has already been addressed in patients with lymphoma
where cost reductions will be inevitable to make CAR-T
sustainable therapies for health care systems.100 Despite all
remaining open questions and issues that still need to be
addressed, and hopefully answered and resolved within
the next years, we are now, without any doubt, at the
dawn of a new era that will significantly improve patient
outcome.
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Recently, we described B-cell precursor acute lymphoblastic
leukemia (BCP-ALL) subtype with an early switch to the monocyt-
ic lineage and the loss of the B-cell immunophenotype, including

CD19 expression. Thus far, the genetic background has remained
unknown. Among 726 children consecutively diagnosed with BCP-ALL,
8% patients experienced a switch detectable by flow cytometry (FC).
Using exome and RNA sequencing, the switch was found to positively
correlate with three different genetic subtypes: PAX5-P80R mutation
(five cases with switch of five), rearranged (DUX4r) (30 cases of 41) and
rearranged (ZNF384r) (four cases of ten). Expression profiles or pheno-
typic patterns correlated with genotypes, but within each genotype no
cases who subsequently switched could be indentified. If switching was
not taken into account, the B-cell-oriented FC assessment underestimat-
ed the minimal residual disease level. For patients with PAX5-P80R, a
discordance between FC-determined and polymerase chain reaction-
determined minimal residual disease was found on day 15, resulting
from a rapid loss of the B-cell phenotype. Discordance on day 33 was
observed in all the DUX4r, PAX5-P80R and ZNF384r subtypes.
Importantly, despite the substantial phenotypic changes, possibly even
challenging the appropriateness of BCP-ALL therapy, the monocytic
switch was not associated with a higher incidence of relapse and poorer
prognosis in patients undergoing standard ALL treatment.

DUX4r, ZNF384r and PAX5-P80R mutated 
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ABSTRACT

Introduction

We recently described a pediatric B-cell precursor acute lymphoblastic leukemia
(BCP-ALL) subtype with an early switch towards the monocytic lineage.1 Such a
monocytic switch leads to a variable degree of monocytosis in the early phase of
treatment. The switched monocytic cells (“monocytoids”) have significantly dimin-
ished expression of immature or lymphoid markers (i.e., CD19 and CD34) and upreg-
ulated myeloid markers (i.e., CD33 and CD14) while keeping shared immunoglobu-
lin/T-cell receptor (IG/TR) rearrangements with malignant B lymphoblasts. The
increase in monocytoid cells was most prominent at days 8 and 15 after the start of
therapy, although the proportion differed between the patients. We reported frequent
expression of CD2 and a higher prevalence of ERG deletions and IKZF1 gene alter-
ations in this leukemia subtype than in other subtypes.1 However, at that time, we



were unable to uncover the genetic background. In our pre-
vious work, we observed a slower response to initial treat-
ment in patients with a monocytic switch than in patients
without it. Despite significant changes in the phenotype
towards the monocytic lineage in some of the patients, risk-
based ALL treatment remained the treatment of choice.1
Recently, new genetic subtypes of ALL, particularly with-

in the “B-other” group, were discovered using RNA
sequencing (RNA-seq).2,3 We investigated whether any of
the newly defined subsets had a higher tendency to under-
go monocytic switch.
Monocytic switch is accompanied by the gradual loss of

CD19. As the determination of minimal residual disease
(MRD) by flow cytometry (FC) relies on B-cell markers,
switching leads to MRD underestimation. The FC MRD
value on day 15 is used for patient stratification in the cur-
rent pediatric Berlin-Frankfurt-Münster (BFM) BCP-ALL
treatment protocols. It is an open question whether FC
monitoring of MRD should be adapted for patients with
switch.
Recently, anti-CD19 therapy, namely, blinatumomab,

was added to pediatric ALL frontline treatment protocols,
and a larger proportion of patients will be treated with it in
the near future. As patients with switch that includes CD19
loss may be selected for anti-CD19 treatment, knowledge
about subtypes prone to switch will be of interest.
Moreover, anti-CD19 therapy may result in monocytic
switch, as was repeatedly reported, especially for cases of
KMT2A rearrangement.4–9
The aim of this study is to describe the molecular land-

scape of ALL with monocytic switch in the context of
newly discovered genetic subtypes. We aim to describe the
switching behavior in distinct genetic subtypes and to ana-
lyze the extent of its influence on the FC assessment of
MRD. In addition, we analyzed the impact of switching
phenomenon on relapse risk. 

Methods

This study was approved by the Institutional Review board of
the University Hospital Motol and the Second Faculty of Medicine
and informed consent was obtained from all patients and their
guardians in accordance with the Declaration of Helsinki. 
We included 726 BCP-ALL patients (age, 0-18 years) diagnosed

in the Czech Republic between 09/2007 and 02/2019. Patients
were treated according to the following BFM protocols: ALL-IC-
BFM-2002 (n=17); ALL BFM 2000 (n=177); ALL BFM 2009
(n=483); the Interfant 2006 protocol (for children younger than 12
months; n=30); the EsPhALL protocol (for BCR-ABL1-positive
patients; n=16); and other protocols (n=3; one patient was treated
by a modified protocol, one Down syndrome patient with signif-
icant comorbidities was treated with a reduced ALL BFM 2009
protocol, and one patient moved abroad after induction therapy).
Some of the 726 patients (179 of 726) diagnosed between 09/2007
and 05/2010 were included in a previous study.1 For selected
analyses, we expanded this consecutive cohort with additional 19
patients who were diagnosed before 09/2007 and for whom the
switching phenomenon was identified and described retrospec-
tively (n=16)1 or who were diagnosed abroad (Germany, n=2; and
Slovakia, n=1) (Online Supplementary Figure S1). All patients were
screened for the presence of recurrent fusion genes (BCR-ABL1,
KMT2A-AFF1, ETV6-RUNX1 and TCF3-PBX1). In all patients,
standard cytogenetic evaluation and assessment of the DNA index
were performed as published previously.1,10 The B-other subset

was defined as BCP-ALL by the absence of all routinely investigat-
ed classifying aberrations (ETV6-RUNX1, hyperdiploidy,
hypodiploidy, BCR-ABL1, KMT2A rearrangements and TCF3-
PBX1).

Flow cytometry
The diagnostic phenotype was determined through standard

protocols.11–13 Ambiguous lineage acute leukemia (ALAL) diagnosis
was based on the European Group for the Immunological
Characterization of Leukemias (EGIL) criteria11,12,14,15 and/or the
World Health Organization16 classification. A summary of the
antibody clones and vendors is presented in the Online
Supplementary Table S1. In addition, the percentage of the B-mono-
cytoid population defined as CD19posCD14pos was determined
with an eight-color combination of antibodies against CD45,
CD14, CD34, CD19, CD33, CD20, CD10 and CD3 at diagnosis
(day zero [d0]), day 8 [d+8], day 15 [d+15], and day 33 [d+33] in
the bone marrow (BM) and/or peripheral blood (PB) as shown pre-
viously.1 FC-assessed MRD was evaluated using three- or four-
color monoclonal antibody combinations in the period between
1998 and 200717 and using eight-color combinations starting in
2007.18,19 The sensitivity (level of quantification and level of detec-
tion, LoQ and LoD, respectively) of the FC-assessed MRD was
defined by the number of nucleated cells measured in an MRD-
specific tube (for a sensitivity of 10-3 and 10-4, 20,000 and 200,000
nucleated cells were measured, respectively). Only samples with
an appropriate FC MRD sensitivity were included in the analysis:
generally, a sensitivity of 10-4 was required; for cases with poly-
merase chain reaction (PCR)-determined MRD ≥10-2, measures of
sensitivity that were at least one log value lower than that of the
actual PCR-determined MRD value were sufficient. The sample
was assessed as FC MRD positive when a cluster of at least 20
events with an aberrant B-cell phenotype was detected.

Definition of the switching phenomenon
Based on our previous work,1 we defined the switching phe-

nomenon as the presence of an intermediate B-monocytoid popu-
lation, i.e., BCP-ALL blasts with a gradual decrease in CD19
expression accompanied by a gradual increase in the expression of
at least one monocytic marker (CD14, CD33, or higher side scat-
ter, SSC) (Online Supplementary Figure S2) at any time point
between d0 and d+33. We used fluorescence-activated cell sorting
(FACS) of the intermediate B-monocytoid (CD19posCD14pos) and
monocytoid (CD19negCD14pos) populations to show that the IG/TR
rearrangements were identical to those in B lymphoblasts when
enough material was available (patients n =37; samples n=70)
between d0 and d+33. 

Immunoglobulin/T-cell receptor polymerase chain
reaction-assessed minimal residual disease
Patient-specific IG/TR assays were developed as described pre-

viously.1,20,21 In patients with two independent IG/TR targets, the
higher value was reported. Sensitivity (LoD) and quantitative
range (LoQ) for each assay was defined according to the European
Study Group on MRD guidelines.22 A minimum LoD of 10-4 was
achieved in all patients/timepoints.

Statistics
Fisher’s exact test was used for comparing categorical variables,

and the Mann-Whitney test was used for continuous variables.
Other tests used are explicitly indicated in the text. The results
were considered significant when P-values were less than 0.05.
Statistical analyses were performed using GraphPad software
(GraphPad Software, Inc., La Jolla, CA, USA), R23 and StatView
version 5.0 (StatView Software, Cary, NC, USA).

Monocytic switch in pediatric BCP-ALL subtypes
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Data analysis of genetic and immunophenotypic data
RNA-seq data (patients with switch, n=73; patients without

switch, n=124), whole-exome sequencing (WES) data (patients
with switch, n=30; patients without switch, n=70), single-
nucleotide polymorphism (SNP) data (patients with switch, n=59;
patients without switch, n=108) and ERG deletion data were ana-
lyzed in diagnostic samples as published previously.24–26 Diagnostic
samples were sorted if blasts comprised fewer than 80% of
mononuclear cells. Purity of sorted populations was at least 90%.
Patients in the B-other group without the following aberrations
were assigned to the B-other rest subgroup: DUX4, ZNF384,
MEF2D and NUTM1 rearrangements; BCR-ABL1-like and ETV6-
RUNX1-like expression profiles; and iAMP21, PAX5-P80R and
IKZF1-N159Y mutations.
In order to analyze RNA-seq and immunophenotypic data, uni-

form manifold approximation and projection (UMAP)27 was used
as the dimensionality reduction algorithm. Hierarchical clustering
analysis (HCA) was performed using Euclidean distance and
Ward's linkage.

Results

Incidence and features of patients with monocytic
switch
Prospectively, we identified 61 patients with monocytic

switch using the criteria described above (Table 1), which
corresponded to 8% of patients.
No sex difference occurred in the monocytic switch (69%

females vs. 56% males, not significant [n.s.]) but the mono-
cytic switch was associated with older age at diagnosis

(median 7.8 vs. 4.5 years, respectively, P<0.001) and a high-
er initial white blood cell (WBC) count (median 10,750/mL
vs. 6,670/mL, P=0.038), lower hemoglobin level (median 7.8
g/dL vs. 8.8 g/dL, P=0.0046), higher platelet count (median
74,000/mL vs. 58,000/mL, P=0.048) and a higher proportion
of blasts in PB (59% vs. 32%, P=0.0039), while the propor-
tion in BM did not differ (91.2% vs. 90%, n.s.). 
We confirmed the presence of patient-specific IG/TR

rearrangements in the sorted monocytoid cells in 33 of 37
patients in whom the sorting was successful at various time
points between d0 and d+33 (16 of 19 positive at d0; 23 of
27 positive between d+1 and d+14; 14 of 15 positive at
d+15; eight of nine positive between d+16 and d+33). In the
morphological examination of some patients, an increase in
monocytic cells with variable morphology (monoblasts,
promonocytes, and mature monocytes) was very clear. In
three patients, at d+8 (DUX4r, n=2; and ZNF384r, n=1), we
observed over 10,000 monocytes/mL in the PB samples
(Online Supplementary Figure S3A and B). 

Monocytic switch is most frequent in the PAX5-P80R,
DUX4r, and ZNF384r genetic subtypes

In order to study the relationship between monocytic
switch and genetic background, routine (cyto)genetic inves-
tigations were supplemented with a retrospective analysis
using RNA-seq data, enabling a more detailed genomic
characterization of the ALL patients. Patients with mono-
cytic switch were unequally distributed across the ALL sub-
types in the unselected consecutive cohort (chi square test
P<0.0001; Table 1); they were significantly enriched in the
PAX5-P80R-, DUX4r- and ZNF384r- -positive ALL subtypes

M. Novakova et al.
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Table 1. Distribution of cases with monocytic switch in an unselected cohort of B-cell precursor acute lymphoblastic leukemia  patients (n=726)
stratified into genetic/biological subtypes.

BCP-ALL subtypes                                                                    Monocytic switch                                                       P
                                                                                                                       No                                       Yes                                             
                                                                                                                      n (%)                                    n (%)                                             

HHD1                                                                                                                                   266 (97)                                        8 (3)                                              P<0.0001
ETV6-RUNX1                                                                                                                      180 (99)                                        1 (1)                                              P<0.0001
KMT2Ar                                                                                                                                29 (88)                                        4 (12)                                                    ns
TCF3-PBX1                                                                                                                         27 (100)                                        0 (0)                                                     ns
BCR-ABL1                                                                                                                            13 (76)                                        4 (24)                                                    ns
Hypodiploidy2                                                                                                                     8 (89)                                         1 (11)                                                    ns
               B-other rest4                                                                                                        49 (94)                                         3 (6)                                                     ns
               DUX4r                                                                                                                    11 (27)                                       30 (73)                                            P<0.0001
               BCR-ABL1-like                                                                                                     18 (95)                                         1 (5)                                                     ns
               ZNF384r                                                                                                                 6 (60)                                         4 (40)                                             P=0.0022
               ETV6-RUNX1-like                                                                                               10 (100)                                        0 (0)                                                     ns
               iAMP21                                                                                                                  6 (100)                                         0 (0)                                                     ns
               PAX5-P80R                                                                                                              0 (0)                                         5 (100)                                            P<0.0001
               NUTM1r                                                                                                                4 (100)                                         0 (0)                                                     ns
               MEF2Dr                                                                                                                 3 (100)                                         0 (0)                                                     ns
               IKZF1-N159Y                                                                                                        1 (100)                                         0 (0)                                                     ns
               Unknown5                                                                                                            34 (100)                                        0 (0)                                                     ns
Total                                                                                                                                    665 (92)                                       61 (8)                                                      

1High hyperdiploidy with >50 chromosomes; 2<44 chromosomes; 3BCP-ALL negative for high hyperdiploid cases (HHD), ETV6-RUNX1, KMT2Ar, TCF3-PBX1, BCR-ABL1 and
hypodiploidy; 4B-other analyzed by RNA sequencing (RNA-seq) and not belonging to any of the established subtypes; 5B-other not analyzed by RNA-seq (this subset is biased
towards nonswitching cases because RNA-seq was performed in samples from all patients with monocytic switch, without identified genetic aberrations using polymerase chain
reaction [PCR] and/or cytogenetics); 6P-value of the Fisher’s exact test on a comparison of the frequency of cases with monocytic switch in individual subsets vs. the frequency
of switch among all the remaining cases. Multiple testing correction was done using Benjamini-Hochberg procedure. ns: no statistically significant difference; BCP-ALL: B-cell
precursor acute lymphoblastic leukemia.
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but were significantly less frequent among high-hyper-
diploid subtypes and extremely rare in ETV6-RUNX1-posi-
tive ALL. In addition to 61 patients with monocytic switch
in the consecutive cohort, we identified another 19 patients
with monocytic switch who belonged to the DUX4r
(n=15), PAX5-P80R (n=2), ZNF384r (n=1) and high-hyper-
diploid (n=1) ALL subtypes. Nevertheless, except for the
DUX4r ALL subtype (representing the subgroup with the
highest prevalence of switch, with nearly half of all patients
having monocytic switch [30 of 61]), the number of patients
was too low (and/or the genomic data were too limited) to
study the impact of the broader genomic context on mono-
cytic switch occurrence within the individual subtypes. In
the DUX4r ALL subtype group, we did not find any associ-
ation between monocytic switch and the most frequent
secondary genetic aberrations (deletions of ERG,
CDKN2A/B, IKZF1 or PAX5 or mutations in the NRAS or
KMT2D genes; Online Supplementary Table S2).
The pattern of monocytic switch correlated with the

genotype (Figure 1). Patients with the DUX4r ALL subtype
presented with predominant CD19 positive (CD19pos) B-
precursor blasts at diagnosis and typically maintained these
cells, while the phenotype gradually became more mono-
cytic on d+8 and d+15. Among the 25 patients with switch-
ing phenomenon identified already at diagnosis, only two

patients were of the DUX4r subtype (Fisher’s exact test
P=0.0002). Patients with the PAX5-P80R mutation also pre-
sented with CD19pos B precursor blasts, but after d+8, the B-
cell markers had typically disappeared concomitantly dur-
ing the switch. Patients with the ZNF384 fusion often co-
expressed B-precursor and monocytic markers at diagnosis
or presented with bilineal disease with separate monocy-
toid population of blasts, and the monocytoid population
often became more prominent during chemotherapy.
The amplitude of monocytic switch (determined as the

maximum number of intermediate B-monocytoid cells) did
not differ among the different genetic subtypes (Online
Supplementary Figure S3C, Kruskal-Wallis test, n.s.).

Differences in the diagnostic gene expression 
signature associated with a subsequent monocytic
switch are driven by genotype
We used RNA-seq to assess changes in gene expression

that were related to monocytic switch at the time of diag-
nosis. We analyzed 197 diagnostic transcriptomes and
determined the genes that were differentially expressed
among patients with (n=73) and without monocytic switch
(n=124). Among the 50 top-ranking genes (only protein-
encoding genes with absolute fold changes ≥2.5 were con-
sidered; Online Supplementary Table S3), we found the pro-
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Figure 1. Monocytic switch appearance. In cytometric plots, mononuclear cells after exclusion of doublets and nonmalignant T cells and B cells (if available) are
shown. Green, orange and red rectangles highlight the preswitched B-precursor blasts, B-monocytoid intermediate cells and fully switched monocytoids, respectively.
Examples of patients with the respective genotypes are shown at day zero (d0) (bone marrow [BM]), d+8 (peripheral blood [PB]) and d+15 (BM). The percentage of
each population is shown (of all nuclear cells) in the corresponding color. Polymerase chain reaction (PCR)-determined minimal residual disease (MRD) values in per-
centages are shown in black. We observed DUX4r monocytic switch pattern in 43 of 45 patients, PAX5-P80R pattern in seven of seven patients and ZNF384r pattern
in three of five patients within the respective genotypes in all patients analyzed (n=745).



liferation-activating gene CRLF2 (lower in patients with
monocytic switch than in those without monocytic
switch), the cell cycle regulator CCNA1 (cyclin A1, higher
in patients with monocytic switch) and androgen receptor
(AR, higher in patients with monocytic switch), as well as
six genes with a CD marker designation: CD371, CD301,
CD1E, CD125 (all higher in patients with monocytic
switch), CD158K and CD20 (both lower in patients with
monocytic switch). Consistent with our previously pub-
lished data, patients with switch had increased CEBPA
expression (P<0.0001), which was also the case when only
DUX4r patients were analyzed (P<0.0001).
We asked whether these changes were primarily driven

by monocytic switch itself or by the underlying genotype.
Both the unsupervised hierarchical clustering and the
UMAP analyses showed that the patients primarily clus-
tered according to genotype, including the DUX4r, PAX5-
P80R and ZNF384r subtypes, which were enriched for
monocytic switch, and whether the patients eventually
experienced monocytic switch seemed to be secondary
(Figure 2A; Online Supplementary Figure S4).
As genotype-associated transcriptome differences may

override monocytic switch-associated differences, we
repeated the analysis in the most prevalent (accounting for
>60% of the patients with switch) genotypic subset
(DUX4r). The Online Supplementary Figure S5 shows that the
clustering of the switching patients was not clear. Among
the top-ranking most differentially expressed genes
between switching (n=44) and nonswitching (n=11)
patients were the previously described CEBPA,1 hematopoi-
etic regulator FLT3 and Toll-like receptor TLR10, which
were all higher in patients with the DUX4r subtype with
switch than in patients with DUX4rwithout switch (Online
Supplementary Table S4). 

Genotype also influences immunophenotype 
associated with subsequent monocytic switch
We next sought to determine whether the diagnostic

immunophenotype predicts, similarly to transcriptome,
monocytic switch behavior and whether it can be associat-
ed with underlying genetic aberrations. 
For these purposes we analyzed the diagnostic

immunophenotype of the blast population in 745 patients.
The overall picture appeared to be analogous to that of

the transcriptome data: diagnostic immunophenotypes
were grouped based on the genetic subtype as seen in the
UMAP analysis rather than by the monocytic switch status
(Figure 2B).
In our previous study all patients with monocytic switch

harbored CD2 expression, although belonging to different
genetic subtypes. As we have shown recently,28 CD2 is
expressed in approximately 75% of DUX4r patients where-
as a newly described marker CD371 (CLL-1) is found in all
patients with DUX4r (Online Supplementary Figure S8).
We also observed the expression of CD2 and CD371 in

five of seven and two of five patients with PAX5-P80R,
respectively. Interestingly, all seven patients with PAX5-
P80R had homogeneous expression of CD66c. Expression
of CD4, a rare aberrant marker in BCP-ALL, was present in
four of seven PAX5-P80R patients, all of which had cells
with a phenotype of CD34neg33pos (in contrast to the other
three of seven CD4negCD34pos patients). Interestingly,
CD66c expression was retained on switched monocytoid
cells on d+15 in all six patients with available data. 
Patients with the ZNF384r subtype were often classified

as having acute leukemia of ambiguous lineage (ALAL)
using the EGIL classification (six of 11 patients). 
The typical immunophenotypes of the main three sub-

types with switch (DUX4r:
CD10posCD20negCD34posCD2posCD371pos; PAX5-P80R:
CD10neg/posCD66c>75%CD2<50%CD4negCD34posCD33<50% or
CD10neg/posCD66c>75%CD2posCD4posCD34negCD33pos; ZNF384r:
CD10<50%CD13posCD66cnegCD34posCD135posCD24<60%), are
shown in the Online Supplementary Figure S8.

Discordance between flow cytometry- and polymerase
chain reaction-determined minimal residual disease
reflects different switching dynamics in individual
genetic subtypes
Loss of B-cell markers during monocytic switch interferes

with B-cell-oriented MRD analysis by FC. As we showed
previously in our pilot study1 and now in a significant
cohort of patients, switched monocytoid blasts maintain
leukemic IG/TR rearrangements despite completely losing
the B-cell phenotype. We thus analyzed the influence of
switch on MRD detection by comparing FC and PCR MRD
quantitation results in the genotype subsets most prone to
switch.
We had only limited data for d+8 PB samples from PAX5-

P80R (n=3) and ZNF384r patients (n=2). Spearman R for
DUX4r (n=31) and patients with monocytic switch outside
these three genetic subtypes (n=11) was 0.7 and 0.72,
respectively (Online Supplementary Figures S6 and S7).
But, as shown in Figure 3, FC underestimation of MRD

led to pronounced discordance at d+15 in the PAX5-P80R
patients. The concordance of the FC and PCR MRD positiv-
ity/negativity at the 10-3 level was 91% for the DUX4r sub-
type and 82% for the ZNF384r subtype but only 17% for
the PAX5-P80R subtype. Concordance at the 10-1 level,
which was determined at this time point as the FC cut-off
value for stratifying patients for undergoing high-risk treat-
ment according to the BFM protocols, was 78% for the
DUX4r subtype and 78% for the ZNF384r subtype but only
43% for the PAX5-P80R subtype.
At d+33, all three subtype groups showed poor correla-

tion between the FC and PCR MRD values (Figure 3) com-
pared to previously published data.18,29 The concordance of
the FC- and PCR-determined MRD at the level of 10-3 was
55% for the DUX4r subtype, 56% for the ZNF384r subtype
and 33% for the PAX5-P80R subtype.
Monocytic switch rarely caused MRD discrepancies in

the other genetic subtypes. When analyzed separately,
among 23 patients in the DUX4rnegPAX5-P80RnegZNF384rneg

subset and in which monocytic switch was observed, FC
MRD at the appropriate level of sensitivity (defined in the
Methods) was measured in 21 and 16 patients on d+15 and
d+33, respectively (Online Supplementary Figure S7). The
concordance at d+15 for the 10-1 and 10-3 levels was 86%
and 90%, respectively. The concordance at d+33 at the 10-3
level was 76%.
At week plus 12 majority of samples were PCR (86%) and

FC (97%) MRD negative. Concordance for DUX4r (n=44),
PAX5-P80R (n=5), ZNF384r (n=8) and cases with switch out-
side these subtypes (n=21) was 82%, 80%, 100% and 90%,
respectively (Online Supplementary Figures S6 and S7).

Prognostic relevance of monocytic switch
From a clinical perspective, it is important to know

whether monocytic switch is of prognostic relevance and
whether the phenotype changes during relapse. All but one
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patient with monocytic switch was treated according to
standard BCP-ALL frontline protocols. In the whole study
cohort, eight of 80 patients with monocytic switch
relapsed. Of the eight relapsed patients, six patients
relapsed with an identical BCP-ALL subtype to the subtype
at diagnosis (two had the BCR-ABL1 subtype, one had the
DUX4r subtype, one had the HHD subtype, one had the

ZNF384r subtype, and one had the B-other rest subtype).
Interestingly, only one of those patients (ZNF384r) devel-
oped monocytic switch during induction therapy for
relapse. Two patients (one with the DUX4r subtype and
one with the KMT2Ar subtype) relapsed with monocytic
AML. In all three patients with the presence of monocytoid
blasts at relapse, we proved IG/TR rearrangements in the
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Figure 2. Multidimensional analysis of RNA sequencing and flow
cytometry data. (A) Overview of the gene expression found for all
patient (n=197) using UMAP as the dimensionality reduction algo-
rithm for RNA sequencing data. Only the genes with the most vari-
ability (genes with an SD 0.4-fold higher than the maximum SD,
n=271) were used. Patients with switch are shown as full circles,
and patients without switching are shown as empty circles.
Relevant genetic subtypes are shown in color. (B) Overview of
immunophenotypes of all cases (n=745) using UMAP as dimen-
sionality reduction algorithm. Blasts were gated using common
backbone (forward scatter, side scatter, CD45). The data (expres-
sion of markers on blast population in percentage) were prepared
from multiple tubes and merged together. Missing values were
replaced with marker median values. Open circles represent
cases without monocytic switch, full circles represent cases which
developed switching. Relevant genetic subtypes are shown in
color.

A
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monocytoid cells identical to those in the original BCP-ALL
clone. There was no difference in the event-free survival
(EFS) between the prospective patients with or without
monocytic switch (5-year EFS, 82±5.5% and 86±1.6% ,
respectively, Figure 4) also when only patients in the high
risk/slow early response group were considered (Online
Supplementary Figure S9).

Discussion

Monocytic switch provides evidence for the relationship
between the monocytic and lymphoid lineages. Rigid mod-
els of hematopoiesis assume early separation of the mono-
cytic and lymphoid lineages, but there is increasing evi-
dence of innate immune functions in lymphoid lineages,
including phagocytosis.30 The biological origin of the phe-
nomenon remains to be clarified. Rarely B-cell malignancies
of various stages of differentiation under unknown circum-
stances can undergo transdifferentiation into myeloid/histi-
ocytic malignancies.31,32 An interesting area for future inves-
tigation is the relationship between of monocytic cells to
their CD14pos dendritic cells counterparts. CD2, a frequent
aberrant marker of BCP ALL blasts prior to monocytic
switching, does not clarify their fate as it is known to be
expressed in subsets of both dendritic cells33 and monocytic
AML.34 The constant role of the transcription factor C/EBPα
seems to play a role in the process. In our previous work,
we found higher expression of CEBPA in patients with
monocytic switching, which was also true in this extended
cohort. C/EBPα directly represses B-cell genes. DiStefano et
al. reported that C/EBPα can enforce B-cell transcription
factor silencing by increasing the expression of the histone

demethylase Lsd1 (Kdm1a) and the histone deacetylase
Hdac1 at the protein level and that these enzymes are
required for the downregulation of B-cell enhancers and the
silencing of the B-cell program.35 In vitro models demon-
strate that C/EBPα induces the repression of key B-cell reg-
ulators such as Foxo1, Ebf1 and Pax536.
In our study we show that monocytic switch behavior is

not limited to a single genotypic subset and that various
leukemia genotypes show different propensities to switch
to monocytic cells. In agreement with our previous report,
in this study, the majority of patients whose blasts switched
to monocytoids were categorized in the B-other subset
(70% of patients with monocytic switch compared to 21%
of patients without switch; Fisher’s exact test P<0.00001).
New genomic methods – namely, RNA-seq – were recently
used to discover new recurring genetic subtypes within the
mixture of the genotypes thus far labeled B-other.2,3,24,25,37–40
Three of these subsets, DUX4r, PAX5-P80R, and ZNF384r,
were frequently associated with switch, constituting the
majority of the patients with switch in this study. We did
not identify a known subtype-defining genetic aberration
(B-other rest) in only 3.8% of the patients with monocytic
switch (Table 1). Interestingly, all patients with PAX5-P80R
presented with monocytic switch.
Although it did not reach statistical significance (probably

due to the low number of patients), a switching phenome-
non was observed in 24% of cases with BCR-ABL1.
McClellan et al. found that primary BCR-ABL1-positive
BCP-ALL cells could be reprogrammed into macrophage-
like cells through exposure to cytokines in vitro or by tran-
sient expression of the transcription factor C/EBPα or
PU.1.41 Surprisingly, monocytic switch was not significantly
more frequent in the KMT2Ar subtype than in other sub-
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Figure 3. Correlation of the mimal reidual disease results obtained by flow cytometry and polymerase chain reaction in selected patient groups. Only samples
with appropriate measured sensitivity are shown (the flow cytometry [FC] sensitivity is 0.0001 if the polymerase chain reaction [PCR]-determined minimal residual
disease [MRD] <0.01; for samples with PCR-determined MRD ≥0.01, the FC measurement sensitivity is at least one log value lower than the actual PCR-determined
MRD log value). In the upper part of each graph, the number of patients with MRD values FCpos/PCRneg, FCpos/PCRnq pos, and FCpos/PCRpos (upper lane); and FCneg/PCRneg,
FCneg/PCRnq pos, and FCneg/PCRpos (bottom lane) are indicated. Spearman's rank correlation coefficient indicated if the P-value was <0.05. Nq pos: nonquantifiable
positivepositive; BM: bone marrow.



types, although KMT2Ar leukemias can present with a
mixed phenotype. However, due to the heterogeneity of
KMT2Ar leukemias and the limitations of our cohort, the
correlation of monocytic switch with specific KMT2Ar sub-
types should be verified in larger cohorts.
The results from the multidimensional analyses of the

gene expression profiles (GEP) and immunophenotypes
showed that the patients with monocytic switch coclus-
tered based on genotype. Similarly, Alexander et al.42 recent-
ly showed that gene expression-based clustering primarily
distinguished genetic subtypes irrespective of MPAL (mixed
phenotype acute leukemia) status. Together, these findings
show that monocytic switch is a behavior with varying
propensity across BCP-ALL genotypes rather than being
exclusive to a distinct genetic subtype of leukemia.
Similarly, switching cannot be predicted using a diagnos-

tic immunophenotype according to our data. Nevertheless,
immunophenotype can help to predict genotype, as was
shown previously and extended in this study.39,40,43,44
Monocytic switch may lead to uncertainty about the

continuation of ALL-type therapy. In some patients the
phenomenon was very discreet and might be overlooked
using routine examination. On the contrary, we observed
monocytosis at d+8 of as high as 20,804/mL, 3,969/mL and
15,544/mL for the DUX4r, PAX5-P80R and ZNF384r sub-
types, respectively. Although such findings may trigger
thoughts of changing to the AML type of treatment, all
but one patient with detected monocytic switch achieved
complete remission on an ALL type of treatment. One
patient died during induction therapy. The EFS for an ALL
type of therapy was identical among patients with and
without monocytic switch. However, we did observe two
patients (one with the DUX4r subtype and one with the
KMT2Ar subtype) who relapsed with monocytic AML,
showing that the optimal treatment of such rare patients
has yet to be determined. Of note, the majority of the
published cases of monocytic relapse after primary BCP-
ALL had the KMT2Ar genotype.45 In addition to these
AML relapses, we discovered that six patients with
detectable monocytic switch relapsed later with BCP-ALL.
According to published data, the prognosis of patients
with the DUX4r or the PAX5-P80R subtype does not seem
to be unfavorable.3,38 
The clinical significance of switched monocytoids, per se,

remains unknown. To date, we have limited evidence
about their potential to initiate relapse. Functional tests of

those switched cells so far have not been performed.
Interestingly, we observed a rapidly enlarging spleen in one
patient and progressive liver failure in another patient, most
likely caused by infiltrating macrophages, which had iden-
tical IG/TR rearrangements as the original malignant B pre-
cursors. 
Despite several observed features of switched monocy-

toids in DUX4r- and PAX5-P80R-mutated patients (e.g.,
CD45RA and CD2 positivity in DUX4r, CD13 negativity
and CD66c positivity in PAX5-P80R), their interpretation
(especially at time points with myeloid regeneration,
including time point d+33) is challenging.
Monocytic switch not only creates discordance between

MRD levels determined by FC and MRD levels determined
by PCR but also affects the availability of CD19 as a thera-
peutic target. In some current pediatric treatment protocols,
these patients can be stratified for anti-CD19 treatment
regardless of their CD19 expression levels. Thus far, data
are limited regarding the efficacy of such treatment in
patients with monocytic switch. Recently, the first case
report of myeloid relapse in BCP-ALL patients with a
ZNF384r subtype after CAR-T therapy was published.46
However, myeloid relapse in ZNF384r patients without tar-
geted therapy has also been described.47
In conclusion, we report the frequency of monocytic

switch in novel genetic subtypes of BCP-ALL and highlight
the discordance between MRD levels determined by FC
and PCR during the switch. New markers for discriminat-
ing switched monocytoid blasts from nonmalignant mono-
cytes are needed to overcome FC underestimation of MRD
levels, which is becoming more relevant with the use of tar-
geted anti-CD19 therapy.
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Adult T-cell leukemia-lymphoma (ATL), is a highly malignant T-cell
neoplasm caused by human T-cell leukemia virus type 1 (HTLV-1),
characterized by poor prognosis. Two viral proteins, Tax-1 and

HTLV-1 basic-zipper factor (HBZ) play important roles in the pathogenesis
of ATL. While Tax-1 can be found in both the cytoplasm and nucleus of
HTLV-1 infected patients, HBZ is exclusively localized in the cytoplasm of
HTLV-1 asymptomatic carriers and in patients with the chronic neurologic
disease HTLV-I-associated myelopathy/tropical spastic paraparesis
(HAM/TSP). HBZ is only localized in the nucleus of ATL cell lines, suggest-
ing that the nuclear localization of HBZ can be a hallmark of neoplastic
transformation. In order to clarify this crucial point, we investigated in detail
the pattern of HBZ expression in ATL patients. We made use of our mono-
clonal antibody 4D4-F3, that at present is the only reported reagent, among
the few described, able to detect endogenous HBZ by immunofluorescence
and confocal microscopy in cells from asymptomatic carriers, HAM/TSP and
ATL patients. We found that HBZ is localized both in the cytoplasm and
nucleus of cells of ATL patients irrespective of their clinical status, with a
strong preference for the cytoplasmic localization. Also Tax-1 is localized in
both compartments. As HBZ is exclusively localized in the cytoplasm in
asymptomatic carriers and in non-neoplastic pathologies, this finding shows
that neoplastic transformation consequent to HTLV-1 infection is accompa-
nied and associated with the capacity of HBZ to translocate to the nucleus,
which suggests a role of cytoplasmic-to-nuclear translocation in HTLV-1-
mediated oncogenesis.
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ABSTRACT

Introduction

Human T-cell leukemia virus type 1 (HTLV-1), the first identified human onco-
genic retrovirus, is the etiological agent of a severe form of adult T-cell
leukemia/lymphoma (ATL)1 and of HTLV-associated myelopathy/tropical spastic
paraparesis (HAM/TSP), a progressive neurological disease.2,3 10-20 million people
are infected by HTLV-1 worldwide with a preferential localization in the
Southwestern region of Japan, Australasia region, North and Central Africa, the
Middle East, Central and South America and the Caribbean.4 Virus transmission
occurs via cell-to-cell contact through breastfeeding, sexual intercourse, blood
transfusions, and drug use with contaminated needles.5

Pathologies associated to HTLV-1 infections usually manifest after a long period
of incubation that, in the case of ATL, may be of decades.6 ATL are divided into four
clinical subtypes: acute, lymphoma, chronic, and smoldering, depending upon the
relative lymphocytosis and lymphocyte abnormalities,7 the presence or absence of
hypercalcemia, lactate dehydrogenase (LDH) serum concentration, and involve-
ment of other organs.8

Although progress has been made in the pathophysiology and clinical treatment



of the disease, prognosis of ATL remains poor.9,10 It is gen-
erally accepted that the oncogenic process leading to overt
ATL proceeds through a multistep mode in which addi-
tional mutations are accumulated in the neoplastic
clones.6,11,12 However, due to the specificity of ATL pheno-
type in comparison to other T- cell neoplasias, it is likely
that virus infection and viral protein expression play a role
in oncogenesis.13
Two viral proteins, the viral transactivator Tax-1 and the

HTLV-1 basic-zipper factor (HBZ), have shown oncogenic
activities in vitro and in vivo in experimental animal
models.14,15 Tax-1 seems to be crucial in the onset of the
oncogenic process mostly by disarranging several cellular
activation pathways and particularly the NF-kB path-
way.16-18 However, Tax-1 expression is lost in most of ATL
cases suggesting that it might be dispensable for maintain-
ing the neoplastic state. Loss of Tax-1 expression can be
generated by both genetic lesions and epigenetic mecha-
nisms.19,20
Onset of ATL clones with defects in Tax-1 expression

are probably favored by immunological selection. Indeed,
Tax-1 is strongly immunogenic and a preferential target of
cytotoxic T cells (CTL).21,22 In contrast to Tax-1, the nega-
tive strand-encoded HBZ,23 is expressed at all stages of
infection and neoplastic transformation,24 suggesting that
it may be required for the maintenance of the oncogenic
process. Interestingly, it has been shown that not only
HBZ protein but also HBZ mRNA may be involved in the
HTLV-1-mediated oncogenesis.25 Nevertheless, the inti-
mate mechanism by which HBZ participates to the HTLV-
1-mediated neoplastic transformation still remains elusive.
The subcellular distribution of HBZ in the various phases
of the disease may be relevant as recent studies of our
group demonstrated a peculiar and exclusive cytoplasmic
distribution of HBZ protein in peripheral blood mononu-
clear cells (PBMC) of both asymptomatic carriers (AC)26
and HAM/TSP patients27,28 compared to a preferential
nuclear localization in a small sample of ATL cells.29
These findings were unprecedented and rather unex-

pected as previous studies, mostly performed in HBZ
transfected cells, showed an exclusively nuclear distribu-
tion of the protein.30,31
Our studies, thus suggested that neoplastic transforma-

tion of HTLV-1-infected cells may be accompanied by a
unidirectional displacement of HBZ from the cytoplasm to
the nucleus. 
Thus, we analyzed HBZ localization in fresh leukemic

cells of ATL patients, representative of distinct clinical
forms of the disease, to investigate potential HBZ transi-
tion from the cytoplasm to the nucleus and, in case of
transition, to correlate it with distinct ATL clinical entities. 
Here we show that leukemic cells from eight ATL

patients can express HBZ not only in the nucleus but also
in the cytoplasm. Neoplastic transformation is, thus
accompanied by a dichotomy of HBZ localization and the
exclusively cytoplasmic localization, as observed in AC
and in HAM/TSP patients, is progressively modified to
include nuclear localization of the protein. 

Methods

Cells and ethics statement
This study was approved by the Ethical Committee (CPP Ile de

FranceII, CNIL: number 1692254, registration number 000001072)

and all surviving patients gave written informed consent. The
study had a retrospective observational design. Patients with acute
or chronic ATL at diagnosis were analyzed. See the Online
Supplementary Appendix for further details.

HTLV-1 proviral load measurement and determination
of unspliced versus spliced HBZ mRNA
Specific information on proviral load measurement and detec-

tion of unspliced versus spliced HBZ RNA is provided in the Online
Supplementary Appendix.

Cell treatments
See the Online Supplementary Appendix for details.

Immunofluorescence, flow cytometry and confocal
microscopy 
Frozen vials containing PBMC were thawed by immediate pas-

sage from liquid nitrogen to a water bath set at 37°C. Cells were
washed with warm RPMI medium and immediately processed for
immunofluorescence and flow cytometry analysis or for confocal
microscopy as previsouly described.26,32,33 Additional information
on antibodies used for detection of specific markers is reported in
the Online Supplementary Appendix.

Results

Cell surface phenotype and HBZ subcellular 
localization in acute adult T-cell leukemia-lymphoma
patients: HBZ can reside in the cytoplasm
We first investigated a group of four clinically defined

acute ATL patients (namely PH131213, PH140126,
PH160822 and PH1612N07). 
Preliminary cell surface phenotype of PBMC from these

patients showed that CD4+ T cells were the predominant,
if not the total, cell subpopulation present in peripheral
blood (Online Supplementary Figure S1). Interestingly,
expression of the CD4 marker varied in the analyzed ATL
patients, with strong (PH140126), moderate (PH131213
and PH1612N07) and low (PH160822) expression. This,
however, did not correlate with expression of the CD3
marker which was either  very low or absent in PBMC of
these patients, a result reminiscent of previous findings
reported by our group and others.27,29,34,35 The T-cell activa-
tion marker CD25 was expressed in two (PH131213 and
PH140126) of four patients’ ATL cells, however, without
correlation with the other T-cell activation marker, HLA
class II. Expression and subcellular localization of HBZ
was then analyzed by immunofluorescence and confocal
microscopy Surprisingly, in contrast to what has been
reported to date, in all four patients HBZ was predomi-
nantly found in the cytoplasm where it appeared as large
dots (PH1612N07 and PH160822) with the tendency to
converge in diffuse areas (PH131213 and PH140126)
around the nucleus (Figure 1A). Interestingly, in
PH1612N07 HBZ-positive cells showed the typical flower-
like phenotype described in acute ATL. HBZ cytoplasmic
localization was confirmed by co-staining with the cyto-
plasmic marker vimentin and the nuclear marker DRAQ5
(Figure 1B).
Of note, a wide variation in the percentage of HBZ pos-

itive cells was found in the four acute ATL patients, rang-
ing from as low as 8.5% (PH131213) to as high as 83%
(PH140126) of PBMC leukemic cells (Online Supplementary
Table S1). When present, HBZ nuclear localization was
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found in a minority of the HBZ-positive cells with the
exception of patient PH140126 in which all HBZ-positive
cells expressed the viral protein in both cellular compart-
ments. Nevertheless, even in the case of PH140126, the
nuclear localization was clearly under-represented with
respect to the cytoplasmic localization (Figure 1A). In
acute ATL, the proviral load (PVL) was generally higher
than chronic ATL and did not strictly correlate with the
percentage of HBZ-positive cells (Online Supplementary
Table S1), even though the limited number of patients ana-
lyzed does not allow to draw a conclusion in terms of sta-
tistical significance. Interestingly, PVL values exceeded
one copy of viral genome per cell in three of four patients,
suggesting multiple integrations per single cell, as also
demonstrated by recent molecular studies at a clonal
level.36
In order to compare expression and subcellular localiza-

tion of HBZ with those of Tax-1, a similar analysis was
performed. Three of four acute ATL, namely PH140126,
PH1612N07 and PH160822 showed expression of Tax-1 in
65%, 8,5% and 43% of cells, respectively, while

PH131213 ATL were negative for Tax-1 (Online
Supplementary Table S1). It is interesting to note that the
two patients expressing the highest number of Tax-1 pos-
itive cells (PH140126 and PH160822), were the same
expressing the highest number of HBZ-positive cells.
As found for HBZ, Tax-1 subcellular localization was

predominantly seen in the cytoplasmic compartment
(Figure 2A and B; Online Supplementary Table S1). In assess-
able samples, most, but not all, Tax-1 positive cells were
positive also for HBZ (Online Supplementary Table S1); in
these cases HBZ and Tax-1 were mainly co-localized in
the cytoplasmic compartment (Figure 2C).

HBZ cytoplasmic localization is found also in chronic
adult T-cell leukemia-lymphoma
Four patients, clinically defined as chronic ATL, were

analyzed. We first assessed the PBMC cell surface pheno-
type of these patients; as expected it was quite distinct
from the phenotype observed in acute ATL. CD3 marker
identifying all T cells, was clearly assessable in the major-
ity of the cells in all patients analyzed with a noticeable
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Figure 1. HBZ subcellular localization in peripheral blood mononuclear cells of patients with acute adult T-cell leukemia-lymphoma. (A) Peripheral blood mononu-
clear cells (PBMC) from PH131213, PH1401263, PH160822 and PH1612N07 patients were stained with the 4D4-F3 anti-HBZ monoclonal antibody (mAb) followed
by Alexa Fluor 546-conjugated goat anti-mouse IgG1 antibody (red) and analyzed by confocal microscopy; DRAQ5 was used to detect the nucleus. (B). Specific coun-
terstaining of cytoplasmic compartment in PH1612N07 patient’s PBMC was performed by using anti-vimentin rabbit polyclonal antibody followed by goat anti-rabbit
IgG conjugated to Alexa Fluor 488 (green). DIC represents the differential interference contrast image. At least 200 cells were analyzed. A representative image of
HBZ staining is shown of each patient. All scale bars are 5mm.



distinction in patient PH171206 where only 20% of the
cells were CD3-positive (Online Supplementary Figure S2).
Moreover, the CD4 T-cell marker identifying the T-helper
subpopulation of CD3-positive T cells, although strongly
expressed, was not present in the entire population (e.g.,
see patients PH170706 and PH150610). Here, at variance
with acute ATL, the observed phenotype was more simi-
lar to the CD4 phenotype observed in healthy donors
PBMC. In chronic ATL patients the CD8 marker was
expressed in a variable proportion of PBMC (Online
Supplementary Figure S2), again mirroring the CD8 pheno-
type of normal PBMC more than the phenotype of acute
ATL. The CD25 T-cell activation marker was not
expressed, while HLA-DR was variably expressed, but
always in a minor proportion of cells again mimicking the
phenotype of normal PBMC.
Expression and subcellular localization of HBZ were

then analyzed. As for acute ATL cases, HBZ was expressed
in all cases ranging from 9.7% in patient PH171206 to
12.0%, 38.0% and 97.5% in patients PH170706, 150610
and PH170918, respectively (Online Supplementary Table
S1), demonstrating that the variability in the percentage of
HBZ-positive cells was similar in chronic and acute ATL.

Thus, at least in the small number of cases analyzed,
expression of HBZ may be not correlated with the clinical
stage of the disease. Importantly, as observed in acute ATL,
in all four chronic ATL cases HBZ was localized mostly in
the cytoplasm (Figure 3A), with no cells expressing HBZ
exclusively in the nucleus (Online Supplementary Table S1).
Cells expressing nuclear HBZ were a minority as compared
to the cells expressing HBZ only in the cytoplasm (29% vs.
68% in PH170918, and 2.1% vs. 7.5% in PH171206).
Moreover, PBMC of two chronic ATL patients, PH150610
and PH170706, did not show detectable nuclear HBZ
expression at all (Figure 3A; Online Supplementary Table S1).
HBZ appeared as distinctive dots, smaller in the nucleus
when present as compared to the cytoplasm (Figure 3A,
PH170918 and PH171206) where the dots were often con-
fluent creating a sort of ring around the nucleus (Figure 3A,
PH170706 and PH150610). 
Interestingly Tax-1 was found expressed only in two of

four chronic ATL patients, namely, PH170706 and
PH171206, with a relative percentage of 6.4% and 1.0%,
respectively (Online Supplementary Table S1). Tax-1-positve
cells of patients PH170706 expressed the viral marker only
in the cytoplasm (Figure 3B; Online Supplementary Table S1)
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Figure 2. Tax-1 subcellular localization in peripheral blood mononuclear cells of patients with acute adult T-cell leukemia-lymphoma. (A) Peripheral blood mononu-
clear cells (PBMC) of representative acute adult T-cell leukemia-lymphoma patients PH40126 (A) and PH1612N07 (B) were stained with the A51-2 anti-Tax-1 mon-
oclonal antibody (mAb) followed by Alexa Fluor 488-conjugated goat-anti-mouse IgG2a antibody (green) and analyzed by confocal microscopy. Counterstaining of the
nuclear or cytoplasmic compartments was performed by using DRAQ5 fluorescence probe to detect the nucleus (blue) and anti-vimentin rabbit polyclonal antibody
followed by goat anti-rabbit IgG conjugated to Alexa Fluor 546 (B, red) to stain the cytoplasmic compartment. (C) PBMC of representative acute ATL patient
PH160822 were costained with the 4D4-F3 anti-HBZ mAb followed by Alexa Fluor 546-conjugated goat anti-mouse IgG1 antibody (red) and with the A51-2 anti-Tax-
1 mAb followed by Alexa Fluor 488-conjugated goat-anti-mouse IgG2a antibody (green) and analyzed by confocal microscopy. DRAQ5 fluorescence probe was used
to detect the nucleus (blue). DIC represents the differential interference contrast image. At least 300 cells were analyzed. All scale bars are 5mm.



with a confluent dot-like fashion evenly distributed
throughout this compartment; conversely Tax-1-positve
cells of patients PH171206 expressed the viral marker both
in the cytoplasm and the nucleus (Online Supplementary
Table S1). Of note, Tax-1 was expressed in those two chron-
ic ATL patients, PH170706 and PH171206, which expressed
the lower percentage of HBZ positive cells. Moreover, as
observed in acute ATL patients, not all Tax-1-positive cells
were also HBZ-positive, as observed in PH170706 in which
only 1% out of 6.4% of cells co-expressed the two viral
proteins (Online Supplementary Table S1). As previously
reported,26,27 HBZ was expressed mostly in CD4-positive
cells (Figure 4A). However in PBMC of those patients with
a distinctive and relatively normal proportion of CD8-posi-
tive cells, such as PH170918 (see the Online Supplementary
Figure S1), HBZ expression could also be found in few CD8-
positive cells (Figure 4B).

Predominance of spliced versus unspliced form of HBZ
mRNA in adult T-cell leukemia-lymphoma
Then we verified whether predominant HBZ cytoplas-

mic localization in leukemic cells correlated with preferen-

tial expression of one of the two described forms of HBZ
mRNA, spliced versus unspliced.37,38 We found a clear pre-
dominance of the spliced versus unspliced HBZ form in our
leukemic samples without appreciable differences
between acute and chronic ATL (Online Supplementary
Figure S3). This was in line with the results obtained in
HAM/TSP patients and asymptomatic carriers, which
expressed HBZ exclusively in the cytoplasm (Online
Supplementary Figure S3),26,27 but at variance with the ATL-
2 leukemic cell line and with PH1505 patient leukemic
cells, which expressed mostly nuclear HBZ.27 Here the
unpliced form was predominant (ATL-2) or similar
(PH1504) to spliced form.

Cytoplasmic HBZ protein does not shuttle between the
cytoplasm and nucleus
We have previously shown that in PBMC from both

asymptomatic carriers and HAM/TSP patients the exclu-
sive cytoplasmic localization of HBZ could not be modi-
fied by treatment with Leptomycin B (LMB), a specific
inhibitor of CRM1/exportin-mediated nuclear export,39
strongly suggesting that in AC and HAM/TSP, HBZ does
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Figure 3. HBZ subcellular localization in peripheral blood mononuclear cells of patients with chronic adult T-cell leukemia-lymphoma. (A) Peripheral blood mononu-
clear cells (PBMC) of representative chromic leukemia patients PH150610, PH170706, PH170918 and PH171206 were stained with the 4D4-F3 anti-HBZ mono-
clonal antibody (mAb) followed by Alexa Fluor 546-conjugated goat anti-mouse IgG1 antibody (red) and analyzed by confocal microscopy. DRAQ5 fluorescence probe
was used to detect the nucleus. (B) PBMC of representative chronic leukemia patient PH170706 was stained with the A51-2 anti-Tax-1 mAb followed by Alexa Fluor
488-conjugated goat-anti-mouse IgG2a antibody (green) and analyzed by confocal microscopy. Nucleus was stained with DRAQ5. DIC represents the differential
interference contrast image. At least 300 cells were analyzed. One representative image of HBZ staining derived from PBMC samples of each patient is shown. At
least 300 cells were analyzed. All scale bars are 5mm.
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not shuttle between the cytoplasm and nucleus.27 Since in
acute and chronic ATL, HBZ could be localized in both
compartments, with a clear preference for the cytoplasm,
it was important to assess whether the entire pool of cyto-
plasmic HBZ could indeed shuttle between cytoplasm and
nucleus. Cells were treated with LMB and analyzed by
immunofluorescence and confocal microscopy. Results
presented in Figure 5A show that this was not the case
because LMB treatment did not result in the accumulation
of HBZ protein in the nucleus in either acute (PH140126)
or chronic (PH170918) ATL cells (Figure 5A).
As a control, LMB treatment of normal PHA-treated

PBMC was instead capable to significantly retain the
p65/RelA component of the NF-kB complex in the nucleus
(Figure 5B). Taken together, these results strongly suggest
that the cytoplasmic component of HBZ protein in both
acute and chronic ATL does not ostensibly shuttle between
the cytoplasm and nucleus through CRM1/exportin regu-
lated mechanism. 
Calreticulin may regulate Tax-1 nuclear export by inter-

acting with, and retaining the viral protein in the cyto-
plasm in a concentration dependent fashion.40 In order to
verify whether calreticulin might contribute to the cyto-
plasmic localization of HBZ, we costained PBMC from
both acute and chronic patients with HBZ and calreticulin
specific antibodies. Cytoplasmic HBZ did not colocalize
with calreticulin. Moreover, we could not detect a signifi-
cant increased expression of calreticulin in HBZ-positive
cells, compared to HBZ-negative cells (Online
Supplementary Figure S4A). Cytoplasmic Tax-1 instead par-

tially colocalized with calreticulin in acute ATL patient
PH160822, although also in this case we could not observe
a clear different level of calreticulin expression in Tax-1
positive cells compared to Tax-1-negative cells (Online
Supplementary Figure S4B)

The cytoplasmic localization of HBZ in adult T-cell
leukemia-lymphoma patients may partially affect
p65/RelA but not JunD subcellular distribution
Previous studies have shown that HBZ inhibits Tax-1-

mediated NF-kB activation and consequent transcription
of various NF-kB target genes by targeting p65/RelA sug-
gesting that this can contribute to the attenuation of viral
replication and persistence of infection.41,42 Here we ana-
lyzed the subcellular localization of p65/RelA in PBMC
isolated from both acute and chronic ATL subjects.
Interestingly, we found p65/RelA in the cytoplasm of
HBZ-positive cells of both acute and chronic patients, par-
tially colocalizing with HBZ (Online Supplementary Figure
S5A, PH160822 and PH170706, respectively). This sug-
gests that a possible, although limited, HBZ-p65/RelA
cytoplasmic interaction may limit p65/RelA transition into
the nucleus and the activation of the NF-kB target genes.  
In order to evaluate the impact of the observed cytoplas-

mic localization of HBZ on other cellular pathways target-
ed by the viral protein, we analyzed the subcellular distri-
bution of the transcription factor JunD, previously shown
to weakly interact and partially colocalize with HBZ in an
ATL patient expressing HBZ in the nucleus.29 When HBZ
was expressed in the cytoplasm, JunD was still localized
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Figure 4. HBZ expression in T-cell subpopulations of chronic adult T-cell leukemia-lymphoma. Confocal microscopy analysis of peripheral blood mononuclear cells
(PBMC) from representative chronic (CH) leukemic PH170918. (A) Upper panels: PBMC of patient CH PH170918 were costained with the 4D4-F3 anti-HBZ mono-
clonal anitbody (mAb) followed by Alexa Fluor 546-conjugated goat anti-mouse IgG1 antibody (red) and with the anti-CD4 rabbit mAb (RabmAb) followed by Alexa
Fluor 488-conjugated goat-anti-rabbit IgG antibody (green). Nucleus was stained with DRAQ5. (B) PBMC of CH patient PH170918 were costained with the 4D4-F3
anti-HBZ mAb followed by Alexa Fluor 546-conjugated goat anti-mouse IgG1 antibody (red) and with the anti-CD8 RabmAb directly conjugated to Alexa Fluor 647
(blue). At least 200 cells were analyzed; DIC represents the differential interference contrast image. representative images derived from each sample are shown.
All scale bars are 5mm.
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in the nucleus (Online Supplementary Figure S5B, PH160822
and PH170706). 

Discussion
The nuclear localization of HBZ in ATL has been largely

inferred from studies describing the many functions that
this protein exerts directly on cellular gene promoters of
infected cells or by interacting with a large number of host
transcription factors in the nucleus.6,43-46 Recent investiga-
tions conducted by confocal microscopy and biochemical
approaches focused on endogenous HBZ protein were
consistent with the idea that leukemic cells from HTLV-1-
infected ATL patients express the viral protein in the
nucleus.29 These findings, in association with elegant stud-
ies in HBZ-transgenic animal models,15 gave strong sup-
port to the idea that HBZ nuclear localization is instru-
mental for, or at least strongly associated with, the main-
tenance of the leukemic state. On the other hand, more
recent and precise immune localization studies have clear-
ly indicated that HBZ expression is always and only con-
fined to the cytoplasm in HTLV-1 AC and in HAM/TSP
patients in contrast to Tax-1 localization that can be found
in both compartments.26,27 Since AC and more rarely
HAM/TSP states may evolve to the leukemic state, it
could be, thus, realistic to think that HBZ translocation
from the cytoplasm to the nucleus is associated with the
genesis of the neoplastic process leading to ATL. In order
to verify this hypothesis it was instrumental to demon-
strate that stages of leukemic transformation could indeed
show evidence of cytoplasmic-only or cytoplasmic-
nuclear localization of endogenous HBZ protein. In this
study, we have demonstrated that indeed leukemic cells
from ATL patients could be found that express HBZ in the
cytoplasm with high frequency. Apparently, therefore, we
filled the gap with previous studies and showed the unidi-

rectional subcellular translocation from the cytoplasm to
the nucleus of HBZ during oncogenic transformation.
Moreover, HBZ was expressed not only in CD4+ T cells,
the preferential target of the HTLV-1 retrovirus, but also in
a very small percentage of CD8+ T cells indicating that
CD8+ T cells can be infected by HTLV-1, confirming our
previous observations,26,27 and persist in ATL patients.
Several findings reported in this study require further

investiagtions to be framed in the context of unidirection-
al cytoplasm-to-nucleus localization of HBZ in ATL.
A rather unexpected and important finding was that

none of the eight patients, either acute or chronic ATL,
analyzed in this study had cells expressing HBZ exclusively
in the nucleus. As a partial explanation, we can adduce that
most of the previous studies describing endogenous HBZ
localization were carried out in leukemic cell lines possibly
representative of highly selected phenotypes in culture,
while only three patients were described with an exclusive
nuclear localization by a similar confocal microscopy
approach.27,29 In this context, it is important to stress that
previously analyzed ATL patients and those described in
this study did not differ in terms of geographic origin or
ethnic group being all afro caribbeans but one (PH150610). 
A second important finding relates to the evidence,

again common to both acute and chronic ATL, that in cells
expressing HBZ in both the cytoplasm and nucleus, the
cytoplasmic fraction was always consistently higher than
the nuclear fraction. Actually, in two ATL chronic patient
(PH150610 and PH170706), HBZ was only observed in the
cytoplasm. A relative exception was represented by the
acute ATL patient PH140126 displaying the highest per-
centage of HBZ-positive cells (83%) all of which were
positive for both cytoplasmic and nuclear localization.
The unprecedented HBZ cytoplasmic localization in
leukemic patients found in this study was paralleled by
the known more abundant expression of the spliced versus
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Figure 5. Cytoplasmic HBZ is retained in this compartment and does not shuttle to the nucleus. (A) Peripheral blood mononuclear cells (PBMC) of representative
acute PH140126 and chronic PH170918, were either treated (+LMB, bottom panels) or not treated (-LMB, top panels) with Leptomycin B (LMB), an inhibitor
CRM1/exportin-mediated nuclear export, before fixing and stained with the anti-HBZ 4D4-F3 monoclonal antibody (mAb) followed by Alexa Fluor 546-conjugated
goat anti-mouse IgG1 antibody (red) and analyzed by confocal microscopy. (B) As control of inhibition of nuclear export by LMB, treated (+LMB) and untreated (-LMB)
cells were fixed and stained with antibodies against p65/RelA followed by Alexa Fluor 546-conjugated goat-anti-rabbit secondary antibody (red) and analyzed by con-
focal microscopy. One representative image on the field and an enlargement of this are shown. Nucleus was stained with DRAQ5 (blue). DIC represents the differ-
ential interference contrast image. One representative image is shown for each sample. At least 300 cells were analyzed. All scale bars are 5mm.
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unspliced form of HBZ mRNA,25 corroborated also in
HAM/TSP patients and in AC that have exclusive HBZ
protein cytoplasmic localization.26,27 Conversely, the ATL-
2 leukemic cell line and leukemic cells of a previously
described patient (PH1505), displaying a predominant
HBZ nuclear localization, showed a more abundant or
similar unspliced versus spliced HBZ, suggesting a correla-
tion between subcellular protein localization and distinct
forms of alternatively spliced HBZ mRNA.
Taken together, these results show for the first time that

the dual cytoplasmic/nuclear localization of HBZ is an
exclusive feature of ATL, giving further credit to the
hypothesis of subcellular re-localization of HBZ in leuke-
mogenesis (Figure 6). 
The high percentage of HBZ-positive cells observed in

chronic ATL, a situation usually characterized by a low
number of leukemic cells,47 as well as the exclusive cyto-
plasmic localization of HBZ found in two chronic ATL
patients, remain to be clarified. Are the described  condi-
tions the mirror of a specific step of the neoplastic process
such as the anticipation of an acute phase of the disease or
a phase in which HBZ is progressively relocated into the
nucleus without any modification of the clinical status, or,
provocatively, the manifestation of novel disease sub-
groups? The first hypothesis seems unlikely as clinical fol-
low-up suggests that these patients have not evolved
toward an aggressive phenotype, indicating that other fac-
tors, possibly involved in the cytoplasmic dislocation of
HBZ, are needed to mark the transition versus a different
clinical state of ATL. 
Previous studies of our group have clearly demonstrated

that both in asymptomatic carriers and HAM/TSP patients

the exclusive HBZ cytoplasmic localization was due to a
retention in this subcellular compartment, as inhibition of
CRM-1 dependent nuclear export by LMB did not result in
nuclear retention of the viral protein.26,27 It was therefore
important to assess whether in cells of ATL patients show-
ing both cytoplasmic and nuclear localization, HBZ could
freely shuttle between the two subcellular compartments.
This was neither the case in acute nor chronic ATL, sug-
gesting, besides the above described association of
spliced-cytoplasmic versus unspliced-nucleus, the exis-
tence of an active mechanism of cytoplasmic HBZ reten-
tion even in presence of a quota of nuclear protein, and
irrespective of the clinical form of the disease (Figure 6).
One possible candidate for the cytoplasmic retention of
HBZ could be calreticulin previously shown to regulate
Tax-1 nuclear export.40 However, at least for the patients
analyzed, HBZ was not clearly confined in a calreticulin
subcellular compartment, while Tax-1 partially colocal-
ized with calreticulin. A more in-depth analysis with an
increased number of acute and chronic ATL subjects might
further clarify this aspect. 
Recent results have suggested that HBZ can be

retained in the cytoplasm by interacting with the T cell-
specific molecule THEMIS.48 Conversely, we showed
that this did not explain the cytoplasmic retention of
HBZ in cells of HAM/TSP patients.26 Thus, although in
ATL a partial involvement of THEMIS in the retention of
HBZ in the cytoplasm cannot be excluded, it is certainly
important to further investigate the possibility that dif-
ferent cytoplasmic anchoring molecules or molecular
complexes may also be involved in the cytoplasmic local-
ization of HBZ in ATL. Whatever the mechanism, it is
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Figure 6. Subcellular localization of HTLV-1 HBZ protein during adult T-cell leukemia-lymphoma progression. Primary infection of T cells by HTLV-1 is characterized
by the expression and localization of HBZ protein exclusively in the cytoplasm, at variance with Tax-1 that can be found both in the cytoplasm and nucleus. This fea-
ture is conserved during the progression to chronic neurologic inflammatory HTLV-I-associated myelopathy/tropical spastic paraparesis (HAM/TSP) disease possibly
due to retention by a cytoplasmic factor present in both asymptomatic carriers and HAM/TSP patients. Leukemogenesis, instead, is marked by the progressive
translocation of HBZ from the cytoplasm to the nucleus, both in chronic and in acute adult T-cell leukemia-lymphoma (ATL). On the basis of our results presented
here, it is likely that HBZ cytoplasmic localization in ATL is mediated by the same retention factor/mechanism present in asymptomatic carriers and HAM/TSP, that
is gradually lost during neoplastic transformation allowing HBZ protein to dislocate into the nucleus. 



clear that a quota of the HBZ molecular pool can translo-
cate into the nucleus and can be retained there to func-
tionally participate in the maintenance of the leukemic
phenotype. The molecular basis of this nuclear retention
remains to be investigated. 
An additional relevant aspect of the present study was

the expression and subcellular localization of Tax-1 pro-
tein. Tax-1 was not expressed in three of eight patients
analyzed in this study, confirming previous findings on
the silencing of the viral oncogene in ATL.19 Interestingly,
however, a clear difference was observed between acute
and chronic ATL, as Tax-1 was expressed in three of four
acute ATL in a relevant proportion of cells, ranging from
8.4% to 65.0% of PBMC, and only in two  of four chronic
ATL but in a considerably low proportion of cells, namely
1.0% and 6.4 % of PBMC. This finding correlated quite
well with the cell surface phenotype of leukemic cells in
that PBMC of chronic ATL patients resembled more close-
ly the phenotype observed in healthy individuals. 
An exclusive Tax-1 nuclear localization was found in

very few cases and only in acute ATL, whereas the vast
majority of the Tax-1-positive cells expressed the viral
protein both in the cytoplasm and nucleus. The fact that
in acute ATL cases analyzed in this study Tax-1 was
expressed in a considerable proportion of cells, although
unexpected, may indeed support the idea that increased
and/or sustained cell proliferation observed in the acute
leukemic state is associated with a burst of Tax-1 expres-
sion, as recently proposed.49,50 Furthermore, both in acute
and in chronic ATL most of Tax-1-positive cells were also
HBZ-positive suggesting a distinct behaviour with
respect to what has been recently found in asymptomatic

carriers and HAM/TSP patients in which HBZ and Tax-1
were very rarely found co-expressed in the same cells.26,27
As stressed above, this may be correlated with the dis-
tinct replicative state of the cells in asymptomatic carriers
and HAM/TSP patients as compared to leukemic
patients.
In conclusion, the results presented in this study estab-

lish for the first time a correlation between modification
of the subcellular localization of HBZ and acquisition of
neoplastic state in subjects infected by HTLV-1. Future
studies will be devoted to the clarification of the intimate
molecular mechanisms that are at the basis of the cyto-
plasmic and nuclear retention of HBZ in HTLV-1-mediated
leukemogenesis.
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Administration of pediatric-inspired chemotherapy to adults up to
age 60 with acute lymphoblastic leukemia (ALL) is challenging in
part due to toxicities of asparaginase as well as myelosuppression.

We conducted a multi-center phase II clinical trial (clinicaltrials gov.
Identifier: NCT01920737) investigating a pediatric-inspired regimen,
based on the augmented arm of the Children’s Cancer Group 1882 proto-
col, incorporating six doses of pegaspargase 2,000 IU/m2, rationally syn-
chronized to avoid overlapping toxicity with other agents. We treated 39
adults aged 20-60 years (median age 38 years) with newly-diagnosed ALL
(n=31) or lymphoblastic lymphoma (n=8). Grade 3-4 hyperbilirubinemia
occurred frequently and at higher rates in patients aged 40-60 years (n=18)
versus 18-39 years (n=21) (44% vs. 10%, P=0.025). However, eight of nine
patients rechallenged with pegaspargase did not experience recurrent
grade 3-4 hyperbilirubinemia. Grade 3-4 hypertriglyceridemia and
hypofibrinogenemia were common (each 59%). Asparaginase activity at 7
days post-infusion reflected levels associated with adequate asparagine
depletion, even among those with antibodies to pegaspargase. Complete
response (CR)/CR with incomplete hematologic recovery was observed
post-induction in 38 of 39 (97%) patients. Among patients with ALL, rates
of minimal residual disease negativity by multi-parameter flow cytometry
were 33% and 83% following induction phase I and phase II, respectively.
Event-free and overall survival at 3 years (67.8% and 76.4%) compare
favorably to outcomes observed in other series. These results demonstrate
pegaspargase can be administered in the context of intensive multi-agent
chemotherapy to adults aged ≤60 years with manageable toxicity. This
regimen may serve as an effective backbone into which novel agents may
be incorporated in future frontline studies. Trial registration: https://clini-
caltrials.gov/ct2/show/NCT01920737

Pediatric-inspired chemotherapy incorporating
pegaspargase is safe and results in high rates
of minimal residual disease negativity in adults
up to the age of 60 years with Philadelphia
chromosome-negative acute 
lymphoblastic leukemia
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ABSTRACT

Introduction

Treatment of acute lymphoblastic leukemia (ALL) and lymphoblastic lymphoma
(LBL) in children represents one of the greatest success stories in hematologic
oncology and >85% of pediatric patients with ALL are ultimately cured.1



However, outcomes in adults have been less encouraging,
with historical 5-year relative survival <45% and 5-year
overall survival <50% among adults under the age of 60.2,3
Several retrospective studies have suggested superior out-
comes among adolescents and younger adults (AYA)
treated on pediatric versus adult cooperative group
studies.4-6 We and others have consequently investigated
adapting pediatric ALL regimens for use in younger
adults.7-12 One large, prospective US intergroup phase II
clinical trial (Cancer and Leukemia Group B [CALGB]
10403, in collaboration with the Eastern Cooperative
Oncology Group and SWOG), treated 295 AYA aged 17-
39 years with a true pediatric ALL regimen and observed
3-year event-free survival (EFS) of 59%, promising com-
pared with historical controls.13 However, successfully
adapting pediatric ALL therapy for adults over the age of
40 presents additional challenges and the upper age limit
for safe administration of pegaspargase is not clearly
defined, due in part to increasing risk of asparaginase-
related toxicities with increasing age.8
L-asparaginase, a bacterial enzyme depleting serum

asparagine, was historically a standard component of ALL
therapy in children and AYA. In contrast to most healthy
cells, ALL/LBL cells lack asparagine synthetase and are
thus dependent on exogenous asparagine and uniquely
sensitive to asparaginase.14 Randomized studies have
demonstrated a survival benefit in pediatric patients treat-
ed with asparaginase-containing regimens.15,16 However,
asparaginase is associated with a host of toxicities, in part
related to the above effects on protein synthesis, includ-
ing hepatotoxicity, hypertriglyceridemia, hyperglycemia,
hypofibrinogenemia, and thrombosis, as well as risks of
hypersensitivity.17 Pegaspargase consists of polyethylene
glycol covalently bound to the enzyme and may be asso-
ciated with decreased immunogenicity and rates of
hypersensitivity reactions compared with native E. coli
asparaginase, and has a considerably longer half-life.18-20
Pegaspargase has been successfully incorporated into
frontline treatment of pediatric patients and younger
adults with ALL.7,19,21,22
We previously reported our experience utilizing a reg-

imen incorporating two courses of induction chemother-
apy and six doses of pegaspargase 2,000 IU/m2 at ≥4-
week intervals, sequenced to avoid overlapping hepato-
toxicity with other agents in adults with newly-diag-
nosed ALL/LBL.7 We subsequently modified this regimen
to exclude two myelosuppressive courses of consolida-
tion and incorporated serial monitoring of minimal resid-
ual disease (also known as “measurable residual disease,”
MRD). Additional changes herein included higher doses
of methotrexate (MTX, 3.5 g/m2 vs. 1 g/m2 for B-
ALL/LBL; 5 g/m2 vs. 2.5 g/m2 for T-ALL/LBL) to reflect
institutional experience that MTX doses ≥3.5 g/m2 are
sufficient to treat lymphomatous leptomeningeal and
brain involvement independent of intrathecal MTX, and
as T lymphoblasts require a higher MTX dose to achieve
optimal MTX/MTX-polyglutamate concentrations.23-25
Maintenance chemotherapy was extended from 2 to 3
years for all patients, as 3-year maintenance is commonly
used for boys treated on pediatric protocols and adults
broadly exhibit higher rates of relapse than children.26,27
Pegaspargase dose was uncapped, consistent with the
prior study although capping at 3,750 IU/m2 was reported
by others in an attempt to reduce toxicity.7,28 Herein, we
present results of a phase II multi-center trial investigating

this approach in adults up to the age of 60 years with
newly-diagnosed Philadelphia chromosome-negative (Ph-
negative) ALL/LBL.  

Methods

Clinical trial
From August 2014 to July 2017, patients with newly-diag-

nosed, previously untreated Ph-negative precursor B-cell or T-cell
ALL/LBL, aged 18-60 years, were enrolled at participating centers
(see the Online Supplementary Methods for eligibility criteria and
study design). Forty-three patients signed informed consent; four
were determined ineligible prior to beginning treatment (Ph-posi-
tive, n=2; mixed phenotype acute leukemia, n=2) and 39 patients
received treatment on protocol.
The primary objective of the study was to determine rates of

MRD negativity following induction phase I (Table 1). Secondary
objectives including assessing rates of MRD negativity following
induction phase II, rates of complete response (CR), overall sur-
vival (OS), event-free survival (EFS), disease-free survival (DFS),
and pegaspargase toxicities. 
Toxicities were graded using National Cancer Institute

Common Terminology Criteria for Adverse Events (CTCAE)
v4.03.

Regimen design
Study regimen details are summarized in Table 1. Treatment

was adapted from the augmented arm of the Children’s Cancer
Group 1882 protocol, with substitution of pegaspargase for native
E. coli asparaginase and use of high-dose MTX (HD-MTX) inten-
sification versus escalating (Capizzi) MTX,27 as previously report-
ed.7 Pegaspargase was given after the second dose of HD-MTX in
intensification I/II, and only after leucovorin rescue began. The
protocol was approved by the Institutional Review Boards of all
participating institutions.
Pegaspargase 2,000 IU/m2 IV (not capped) was administered

over 1-2 hours at ≥4-week intervals. Hydrocortisone 100 mg intra-
venous (IV) was given prior to each dose and 1-2 weeks of corti-
costeroids followed each dose for hypersensitivity prophylaxis
(Table 1). A specific pegaspargase toxicity management guideline
was adopted; asparaginase enzyme activity and anti-asparaginase
antibodies were measured at pre-specified time points (see the
Online Supplementary Methods and the Online Supplementary Table
S1). 

Minimal residual disease assessment
MRD was assessed centrally in bone marrow (BM) aspirate

samples using multiparameter flow cytometry (FACS) with sensi-
tivity of at least 10-4. Any unequivocal evidence of residual ALL by
FACS was considered as MRD positivity, even if <0.01% of BM
mononuclear cells (see the Online Supplementary Methods;
Online Supplementary Table S2; Online Supplementary Figure S1). 

Statistical analyses
Incidence of grade 3-4 toxicities was compared between groups

by age, sex, and BMI using Fisher’s exact test. OS, EFS, and DFS
were computed using the Kaplan-Meier method and compared
between groups using log-rank tests. EFS was defined as time
from initiation of protocol therapy until date of morphologic
relapse, confirmed refractory disease, or death from any cause;
patients not known to have any of these events were censored on
date of last follow-up. OS was defined as time from start of pro-
tocol therapy to death from any cause, with surviving patients
censored at last follow-up. Among patients achieving CR/CRi,
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DFS was defined as time from post-induction I or II disease
assessment until morphologic relapse or death; patients without
any of these events were censored on date of last follow-up. In
order to compare OS between patients undergoing versus not
undergoing allogeneic hematopoietic cell transplantation
(alloHCT) in CR1, OS was measured from date of first confirmed
CR. Statistical analyses were performed in R v3.5.0. A 2-sided P-
value <0.05 was considered significant.

Results

Patients characteristics
Demographic and clinical characteristics of treated

patients are summarized in Table 2. Of the 39 patients, 30
(77%) were men. Median age at the start of treatment was
38.7 years (range, 20.2-60.4 years); 18 (46%) patients were
40-60 years old. Lineage was B cell in 27 (69%) patients
(ALL, n=24; LBL, n=3) and T cell in 12 patients (ALL, n=7;
LBL, n=5). Three patients had central nervous system

(CNS)-2/3 cerebrospinal fluid (n=2) or parenchymal brain
involvement (n=1) and 16 had extramedullary disease at
diagnosis. Five of 12 patients with T-cell ALL/LBL demon-
strated early T-precursor phenotype as previously
defined.29 Cytogenetic findings associated with unfavor-
able risk (per classification used in the CALGB 19802
study; Online Supplementary Table S3) were observed in five
patients (11q23 rearrangement, n=2; trisomy 8, n=2;
monosomy 7, n=1). Among 11 patients with B-ALL/LBL
who underwent evaluation for fusions/re-arrangements
characteristic of Philadelphia chromosome-like (“Ph-like”)
ALL (see the Online Supplementary Methods), only one case
was identified (FIP1L1-PDGFRA fusion).

Clinical responses
Thirty-eight of 39 (97%) patients achieved CR or CR

with incomplete hematologic recovery (CRi) by the con-
clusion of induction II. Following induction I, 36 of 38
(95%) of evaluable patients were in CR/CRi. Of the two
patients who were not in CR/CRi, both had T-cell ALL;
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Table 1. Treatment regimen.
Regimen Block                                     Agent                                      Dose                               Route                                          Days

Induction                                                 Daunorubicin                                    60 mg/m2                                 IV push                                                  1,2,3
Phase I                                                        Vincristine                           1.4 mg/m2 (cap 2 mg)                 IVPB/IV push                                         1,8,15,22
                                                                    Pegaspargase                                  2,000 U/m2                         IVPB over 1-2h                                              15
                                                                      Prednisone                                     60 mg/m2                                     PO                                                      1-28
                                                                    Methotrexate                                      12 mg                                         IT                                                        8,15
                                                                  Hydrocortisone                                    25 mg                                         IT                                                        8.15
Induction                                            Cyclophosphamide                                  1 g/m                                       IVPB                                                     1,29
Phase II                                                       Cytarabine                                      75 mg/m2                                    IVPB                                       1-4,8-11,29-32,36-39
                                                                  Mercaptopurine                                 60 mg/m2                                     PO                                                 1-14,29-42
                                                                       Vincristine                           1.4 mg/m2 (cap 2 mg)                 IVPB/IV push                                        1,15,29,43
                                                                    Pegaspargase                                  2,000 U/m2                         IVPB over 1-2h                                              15
                                                                      Prednisone                                        20 mg                                        PO                                                     15-22
                                                                    Methotrexate                                      12 mg                                         IT                                                   1,15,29,43
                                                                 Hydrocortisone2                                   25 mg                                         IT                                                   1,15,29,43
Intensification I                                      Methotrexate                             3.5 g/m2 (B-cell)                      IVPB over 3h                                              1,15
                                                                                                                            5 g/m2 (T-cell)                       IVPB over 3h                                              1,15
                                                                     Leucovorin*                                       25 mg                                   IVPB q6h                                24h from start of MTX
                                                                    Pegaspargase                                  2,000 U/m2                         IVPB over 1-2h                                        16 or 17
                                                                      Prednisone                                        20 mg                                        PO                                                     15-22
Re-induction I                                         Daunorubicin                                    25 mg/m2                                 IV push                                                 1,8,15
                                                                       Vincristine                           1.4 mg/m2 (cap 2 mg)                 IVPB/IV push                                       1,8,15,29,43
                                                                    Pegaspargase                                  2,000 U/m2                         IVPB over 1-2h                                              15
                                                                  Dexamethasone                                 10 mg/m2                                     PO                                                15-22,29-36
                                                                    Methotrexate                                      12 mg                                         IT                                                      1,8,29
                                                                  Hydrocortisone                                    25 mg                                         IT                                                      1,8,29
                                                               Cyclophosphamide                                 1 g/m2                                      IVPB                                                       29
                                                                       Cytarabine                                      75 mg/m2                                    IVPB                                               29-32,36-39
                                                                     Thioguanine                                     60 mg/m2                                     PO                                                     29-42
Intensification II                          Same as intensification I
Re-induction II                               Same as re-induction I
Maintenance                                             Prednisone                                     60 mg/m2                                     PO                  1-5 (q mon, mon. 1-12; q2 mon, mon. 13-24)
(Monthly for 36 months total)                                                                                                                                                                                                
                                                                       Vincristine                           1.4 mg/m2 (cap 2 mg)                           IV                     1 (q mon, mon. 1-12; q2 mon, mon. 13-36)
                                                                    Methotrexate                                   10 mg/m2                                     PO                           1,8,15,22 (held on days of IT MTX)
                                                                                                                                                                                                                                                       
                                                                  Mercaptopurine                                 60 mg/m2                                     PO                                                 1-28, daily
                                                                    Methotrexate                                      12 mg                                         IT                                       1 (q3 mon, mon. 1-12)
                                                                  Hydrocortisone                                    25 mg                                         IT                                       1 (q3 mon, mon. 1-12)
*Leucovorin rescue following the day 15 dose of high-dose methotrexate was started prior to administration of pegaspargase. IVPB: intravenous piggy back; PO: by mouth; IT:
intrathecal; MTX: methotrexate, mon: month; cap: capped; q2: calender quarter 2 (April, May, and June); q3: calender quarter 3 (July, August, and Septembe).



one continued protocol therapy and achieved CR follow-
ing induction II and the other was removed from study
after induction I at the discretion of the investigator to pur-
sue alternative therapy (representing the single patient
who did not achieve CR/CRi on study). One patient was
not evaluable for response post-induction I due to incom-
plete restaging; this patient continued protocol therapy and
was confirmed to be in CR following induction II. No
patients died during induction I or II.
Central evaluation for MRD in BM was performed in 26

of 31 patients with ALL (i.e., not LBL) on day 15 of induc-
tion I; at that time, five of 26 (19%) of patients had
achieved MRD negativity. The proportion of patients with
ALL exhibiting BM MRD negativity on central review
increased following induction I (nine of 27, 33%) and
induction II (20 of 24, 83%). Patients with LBL and low-
level BM involvement at diagnosis are not included in the
aforementioned analysis. However, four of four patients
with low-level BM involvement by LBL exhibited MRD
negativity in the BM on day 15 of induction I. Local MRD
data are summarized in the Online Supplementary Results.

Pegaspargase administration, enzymatic activity, 
and immunogenicity
All treated patients received at least one dose of pegas-

pargase, and the median number of doses received was
three (range, 1-6). Reasons for receipt of <6 total doses of
pegaspargase are summarized in the Online Supplementary
Table S4. Asparaginase enzymatic activity as measured 7
days post-pegaspargase is summarized in Online
Supplementary Table S3. All activity levels obtained 7 days
following a full dose of pegaspargase (i.e., excluding those
with immediate hypersensitivity) were >0.1 IU/mL (mini-
mum observed level 0.34 IU/mL). In two patients with
immediate hypersensitivity to pegaspargase who received
5 and 15 minutes of the infusion, activity levels 7 days
post-pegaspargase were <0.013 and 0.028 IU/mL, respec-
tively. Enzymatic activity appeared similar in patients ageg
40-60 years versus 18-39 years (Online Supplementary Table
S5).
In 19 patients, 75 plasma samples were screened for anti-

bodies specific to Oncaspar® and polyethylene glycol
(PEG; see the Online Supplementary Methods). Inhibition
with Oncaspar® showed ten confirmed positive samples
and specific inhibition with 5 kDa PEG showed six con-
firmed positive samples; these confirmed results were
from four patients and are summarized in the Online
Supplementary Table S6. Despite the presence of antibodies,
asparaginase activity levels were >0.1 IU/mL (minimum
0.34 IU/mL) 7 days post-pegaspargase in all instances in
which the full dose of pegaspargase was administered (i.e.,
not terminated early due to hypersensitivity).

Pegaspargase toxicity
Selected grade 3-4 toxicities of pegaspargase in all

patients and in those aged 40-60 years at treatment initi-
ation are summarized in the Online Supplementary Table
S4. Grade 3-4 hypofibrinogenemia and hypertriglyc-
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Table 2. Patient demographics and clinical characteristics.
Characteristic                                   All Patients          Aged 40-60 years
                                                              (N=39)                      (N=18)
                                                          N            %                 N            %

Age at start of induction, years                                                                          
     Median                                                  38.7           50.9
     Range                                                20.2-60.4  43.6-60.4
Sex                                                                                                                            
     Male                                                        30              77                    14             78
     Female                                                    9               23                     4               22
Lineage and presentation                                                                                   
     B cell                                                       27              69                    12             67
     B-cell ALL                                           24              62                    12             67
     B-cell LBL                                            3                8                      0                0
     T cell                                                       12              31                     6               33
     T-cell ALL                                             7               18                     3               17
     T-cell LBL                                            5               13                     3               17
     ETP immunophenotype                   5               13                     2               11
     Non-ETP                                              6               15                     4               22
     ETP status indeterminate               1                3                      0                0
Cytogenetics                                                                                                           
     Unfavorable                                        5               13                     3               17
     Intermediate                                      9               23                     3               17
     Favorable                                             2                5                      0                0
     Not prognostically classified          8               21                     4               22
     Not evaluable                                    15              38                     8               44
     ALL subgroup only                                                                                            
     Unfavorable                                        5               13                     3               17
     Intermediate                                      4               10                     1                6
     Favorable                                             2                5                      0                0
     Not prognostically classified          7               18                     4               22
     Not evaluable                                    13              33                     7               39
CNS disease (CNS-2/3 CSF or 
parenchymal brain involvement) 
at diagnosis                                                                                                             
     Yes                                                            3                8                      0                0
     No                                                            36              92                    18            100
Unequivocal extramedullary 
disease at diagnosis                                                                                              
     Yes                                                           16              41                     7               39
     No                                                            23              59                    11             61
Pegaspargase doses received                                                                            
     Median                                                            3                                        2
     Range                                                            1-6                                    1-6
AlloHCT in CR1*                                                                                                     
     Yes                                                           11              28                     3               17
     No                                                            28              72                    15             83
*Includes patients known to have undergone allogeneic hematopoietic cell trans-
plantation (alloHCT) in first complete response. ALL: acute lymphoblastic leukemia;
LBL: lymphoblastic lymphoma; ETP: early T-precursor phenotype (CD1a-, CD8-,
CD5dim/-, with expression of one or more stem cell or myeloid antigens, e.g., CD11b,
CD13, CD33, CD34, CD117, HLA-DR); cytogenetic risk group classification per criteria
used in the CALGB 19802 study, are summarized in the Online Supplementary Table S3;
CNS: central nervous system; CSF: cerebrospinal fluid.

Table 3. Serum asparaginase enzymatic activity post-polyethylene glycol.
Time point in treatment       Samples                 Serum asparaginase
                                                 (N)                 enzymatic activity 7 days 
                                                                             post-PEG (IU/mL)
                                                                         Mean                     SD

Induction I                                        15                         0.787                         0.238
Induction Phase II                          14                         0.881                         0.234
Intensification I                               6                          0.989                         0.149
Re-induction I                                  7                          0.852                         0.238
Intensification II                             10                         1.057                         0.190
Re-induction II                                 7                          1.087                         0.145
All Phases                                         59                         0.919                         0.233
PEG: polyethylene glycol; SD: standard deviation.



eridemia were common (each observed in 59% of
patients). Grade 3-4 hyperbilirubinemia was significantly
more common in patients aged 40-60 years versus 18-39
years (44% vs. 10%, P=0.025); a non-significant trend
toward greater risk of grade 3-4 hyperbilirubinemia was
observed in patients with body mass index (BMI) ≥30 ver-
sus <30 kg/m2 at treatment initiation (50% vs. 17%,
P=0.087). Incidence of grade 3-4 transaminitis, hyper-
triglyceridemia, hyperglycemia, hypofibrinogenemia,
pancreatitis, and thromboembolic events otherwise did
not significantly differ by age (18-39 years vs. 40-60
years), BMI (≥30 kg/m2 vs. <30 kg/m2), or sex. 
Nine of the ten patients experiencing grade 3-4 hyper-

bilirubinemia following pegaspargase during induction I
resumed pegaspargase at the dose and schedule per pro-
tocol; eight of nine patients resuming pegaspargase did
not experience recurrent grade 3-4 hyperbilirubinemia. In
four patients, Erwinia asparaginase was substituted for
pegaspargase due to hypersensitivity associated with
pegaspargase infusion.
Other non-hematologic adverse events and febrile neu-

tropenia definitely, probably, or possibly related to proto-
col therapy are detailed in the Online Supplementary Table
S7. Association of pegaspargase with treatment delays is
summarized in the Online Supplementary Results. 

Subsequent therapy and relapse
The patient with T-ALL who was withdrawn from

study after exhibiting persistent disease following induc-
tion I received second-line chemotherapy off-protocol
with nelarabine, etoposide, and cyclophosphamide, and
subsequently underwent alloHCT. Ten additional
patients receiving protocol therapy underwent alloHCT
in CR1. Rationale for alloHCT in CR1 was as follows:
persistent MRD following course II of induction (n=3),
Ph-like ALL (n=1), unfavorable cytogenetic features
including t(4;11) (n=1) or evidence of clonal evolution
(n=1), or physician preference (n=4). 
Of 38 patients achieving CR/CRi on protocol, ten subse-

quently experienced relapse (BM, n=4; CNS only, n=2;
combined BM and CNS, n=1; combined BM and other
extramedullary sites, n=1; testis, n=1; cortical bone, n=1);
median time to relapse from start of therapy was 15.4
months (range, 5.4-40.4) in these ten patients. Six patients
underwent alloHCT following relapse, including one
patient who had relapsed following first alloHCT in CR1.

Survival outcomes
Two patients died in CR1 during re-induction I due to

complications of sepsis (n=1) or multi-organ system fail-
ure (n=1), aged 55 and 47 years, respectively, at the time
of death. At median follow-up of 38.6 months among sur-
viving patients (range, 1.8-57.8), 3-year OS is 76.4% (95%
Confidence Interval [CI]: 63.3-92.3) and 3-year EFS is
67.8% (95% CI: 53.4-86.0), as summarized in Figure 1A
and B. Three-year cumulative incidence of relapse (CIR,
with death in CR as competing event) is 25.3% (95% CI:
11.4-42.0). Superior OS and EFS were observed among
patients aged 18-39 years versus 40-60 years at the start of
therapy (3-year OS: 88.2 vs. 61.9%, P=0.03 and 3-year
EFS: 85.0% vs. 48.6%, P=0.05, respectively, Figure 1C and
D). OS and EFS did not differ significantly with respect to
B-cell versus T-cell lineage (3-year OS: 78.7% vs. 71.6%,
P=0.8, and 3-year EFS: 71.8% vs. 58.7%, P=0.7, respec-
tively). In this small study, significant differences were
not observed in OS, DFS, or CIR between the 10 patients
undergoing alloHCT after achieving CR1 with protocol
therapy and the 27 evaluable patients not undergoing
alloHCT in CR1 (3-year OS: 100% vs. 70.7%, P=0.3; 3-
year DFS: 88.9% vs. 62.5%, P=0.09; 3-year CIR: 11.1% vs.
29.8%, P=0.197). 
Among the patients with ALL achieving MRD-negative

CR versus MRD-positive CR/CRi (central review) follow-
ing induction 1, there was no difference in OS or DFS
measured from time of post-induction I disease assess-
ment (3-year OS: 75.0% vs. 80.8%, P=0.8, and 3-year
DFS: 75.0% vs. 68.8%, P=0.5). Twelve patients with ALL
who were in MRD-positive CR/CRi following induction
I subsequently achieved MRD negativity following
induction II (MRD converter group) and seven patients
with ALL were confirmed to be in MRD-negative CR fol-
lowing both induction I and induction II (early MRD neg-
ativity group). The MRD converter and early MRD nega-
tivity groups achieved 3-year DFS 56.2% and 71.4%,
respectively, P=0.7, and 3-year OS 90.9% and 71.4%,
P=0.5, respectively, as measured from time of post-induc-
tion II disease assessment. The small number of patients
with MRD positivity post-induction II (n=4) also pre-
cludes meaningful comparison of this group with those
exhibiting MRD negativity post-induction II; these
patients are described in the Online Supplementary Table
S8. All patients with MRD positivity post-induction II
underwent alloHCT (CR1, n=3; CR2, n=1) following sub-
sequent therapy and three are in ongoing CR.
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Table 4. Selected grade 3-4 toxicities possibly, probably, or definitely attributed to pegaspargase.
Toxicity                                                                   All patients (N=39)                                                          Patients aged 40-60 years (N=18)
                                                     Grade 3                      Grade 4                       Total                         Grade 3                   Grade 4                       Total
                                                                                                                       Grade 3-4                                                                                    Grade 3-4

                                                             N                 %                   N                %                   N               %                      N              %                  N             %                  N              %
Hypofibrinogenemia                      21                54                   2                 5                   23              59                     10             56                  0              0                   10             56
Hypertriglyceridemia                     11                28                  12               31                  23              59                      4              22                  6             33                  10             56
Transaminitis                                   15                38                   1                 3                   16              41                      9              50                  1              6                   10             56
Hyperglycemia                                  8                 21                   4                10                  12              31                      4              22                  2             11                   6              33
Hyperbilirubinemia                         5                 13                   5                13                  10              26                      3              17                  5             28                   8              44
Pancreatitis                                       1                  3                    0                 0                    1                3                       0               0                    0              0                    0               0
Thromboembolic events               1                  3                    0                 0                    1                3                       1               6                    0              0                    1               6
ALL: acute lymphoblastic leukemia.



Discussion

In this phase II study, we sought to improve the toxici-
ty profile of the regimen investigated at the University of
Southern California (USC) and previously reported by
members of our group, and to define rates of MRD nega-
tivity associated with this approach.7 Specifically, we
omitted two intensely myelosuppressive courses of con-
solidation (cytarabine/teniposide) and incorporated stan-
dardized post-pegaspargase laboratory monitoring to
enhance the safety of this regimen, particularly for adults
over the age of 40 years. We observed no deaths during
induction chemotherapy and toxicities of pegaspargase
were manageable, albeit common, in patients up to the
age of 60 years as subsequently discussed. Removal of the
cytarabine/teniposide consolidation blocks did not
appear to result in inferior outcomes compared with our
prior experience.7 However, two patients died during
post-remission therapy, underscoring the Re-induction
blocks’ associated risks of myelosuppression. Incidence of
febrile neutropenia (ten patients, 26%) herein was com-
parable to other pediatric regimens10,13 though not report-
ed directly with the USC regimen. Further follow-up will
be needed to assess whether longer duration of mainte-
nance chemotherapy will be associated with lower risk of
late relapse. Despite incorporation of higher-dose MTX in
the updated regimen and 16 doses of intrathecal MTX

given throughout treatment in both regimens, three
patients experienced CNS relapse (isolated or with mar-
row relapse). Neither this regimen nor its USC predeces-
sor incorporated cranial radiation; further follow-up and
clinical experience will clarify long-term rates of CNS
relapse associated with this regimen. This study also pro-
vides further data on kinetics of MRD clearance in adults
over the age of 40 treated with a pediatric-inspired regi-
men, whereas much of the existing MRD data utilizing
similar regimens reflects treatment of children, adoles-
cents, and younger adults. OS and EFS compare favorably
to outcomes historically observed in adults with
ALL/LBL.
Others have also investigated incorporation of pegas-

pargase into frontline treatment paradigms for adults
with ALL. The UK National Cancer Research Institute
UKALL14 trial evaluated pegaspargase 1,000 IU/m2 given
on days 4 and 18 in combination with daunorubicin, vin-
cristine, and dexamethasone, ± rituximab (B-cell ALL)
and imatinib (Ph-positive), in patients aged 25-65 years
with newly-diagnosed ALL.8 However, 16 of 90 patients
succumbed to treatment-related mortality during induc-
tion, with 11 deaths related to hepatotoxicity ± infection
and associated with grade 3-4 hyperbilirubinemia in nine
patients. However, while patients with Ph+ ALL account-
ed for only 29% of study participants, those with Ph+
ALL accounted for 11 of 16 deaths during induction and
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Figure 1. Survival outcomes among treated patients. (A) Event-free survival (EFS) (freedom from morphologic relapse, removal from study for refractory disease, or
death) and (B) overall survival (OS) among all treated patients. (C) EFS and (D) OS among patients aged 18-39 years vs. 40-60 years at initiation of therapy (P=0.06
and P=0.03, respectively).
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seven of 11 hepatotoxicity-associated deaths (OR 8.65,
P<0.001). UKALL14 data suggest the combination of ima-
tinib and pegaspargase may have been particularly toxic,
though similarly severe toxicity was not observed in
patients with Ph+ ALL receiving imatinib in combination
with the USC regimen.7 In contrast, our study did not
include patients with Ph+ ALL. Additionally, use of
pegaspargase 1,000 IU/m2 on days 4 and 18 of induction
(vs. 2,000 IU/m2 on day 15 in this regimen) may have
resulted in different duration of asparagine depletion, and
in the context of the UKALL14 regimen, weekly dosing of
daunorubicin 60 mg/m2 (vs. 60 mg/m2 days 1-3 in this reg-
imen) may have led to greater overlap of hepatoxicity
from pegaspargase and intense myelosuppression from
the anthracycline. Similarly, patients aged 46-60 years ver-
sus 15-45 years treated on the GRAALL-2003 study tend-
ed to have higher rates of grade 3-4 hepatotoxicity during
induction (28% vs. 18%), received significantly lower
median cumulative dose of L-asparaginase during induc-
tion (36,000 IU/m2 vs. 48,000 IU/m2) and post-remission
(29,000 IU/m2 vs. 81,000 IU/m2), experienced delays in
consolidation initiation, and exhibited significantly
increased risk of death during induction (13% vs. 4%) and
cumulative incidence of death in first CR (15% vs. 2%).9
Administration of cyclophosphamide and daunorubicin
in proximity to L-asparaginase during induction with the
GRAALL-2003 regimen may also have contributed to tox-
icity. Like other series, toxicities associated with pegas-
pargase were common in our study, and grade 3-4 hyper-
bilirubinemia was observed more commonly in patients
aged 40-60 years versus 18-39 years, albeit without evi-
dence of acute liver failure or long-term hepatic morbidi-
ty. Notably, nearly all patients experiencing grade 3-4
hyperbilirubinemia were able to be re-challenged with
the drug without recurrent severe toxicity, suggesting that
a single episode of grade 3-4 hyperbilirubinemia does not
necessitate pegaspargase discontinuation in adults with
ALL, even in patients aged 40-60 years. We observed no
deaths during induction chemotherapy, though two
patients aged 40-60 years ultimately died in CR1 during
post-remission therapy. The rate of thrombosis was low
(3%), perhaps due in part to chance as routine antithrom-
botic prophylaxis was not used (Online Supplementary
Table S1); the USC regimen was associated with a 16%
incidence of deep vein thrombosis, similar to other pedi-
atric regimens studied in this age group.7,10 Our restrictive
approach to fibrinogen repletion (<50 mg/dL or bleeding)
may have limited thrombotic risk as well, consistent with
other recent reports.30 This regimen may serve as an effec-
tive option for patients aged 40-60 years, particularly for
patients for whom an asparaginase-containing regimen
may be especially desirable (e.g. T-ALL/LBL).15,31,32
Asparaginase activity levels measured at 7 days follow-

ing a full dose of pegaspargase were uniformly in the
range associated with asparagine depletion (>0.1 IU/mL,
with minimum observed level 0.34 IU/mL herein) across
all age groups. Mean asparaginase activity at 7 days post-
dose was 0.601 IU/mL in our prior pharmacokinetic study
of pegaspargase 2,000 IU/m2 during remission induction
for younger adults with ALL, and in that series, 12 of 12
and nine of 11 patients exhibited asparagine depletion at
14 and 20 of 21 days post-pegaspargase, respectively.33 In
this study, mean asparaginase activity at 7 days was 0.919
IU/mL (Table 3), suggesting at least similarly robust
asparagine depletion, though activity levels were not

directly measured at 14 and 21 days post-dose. Of note,
even in patients developing antibodies to pegaspargase,
there was no evidence of silent inactivation, providing
some reassurance against this phenomenon as a major
mechanism of therapeutic resistance in the enrolled
patients, despite prophylactic administration of hydrocor-
tisone to all patients. Absence of silent inactivation fur-
ther suggests routine monitoring of asparaginase activity
following each pegaspargase may not be essential.
Whether pegaspargase doses <2,000 IU/m2 might achieve
similar enzymatic activity levels and asparagine depletion
within the context of this regimen, while leading to lower
rates of severe toxicity, remains unclear. However, among
patients treated on the GMALL07/2003 protocol, pegas-
pargase doses of 1,000 IU/m2 or 2,000 IU/m2 resulted in
asparaginase activity targets achieved in 96% and 98% of
patients in the second week post-dose, and 73 and 89%
in the third week post-dose, respectively.34
As noted previously, CALGB 10403 demonstrated the

safety and efficacy of a true pediatric regimen in patients
up to the age of 39 years and is currently considered one
of several standard-of-care options for AYAs with newly-
diagnosed ALL/LBL.13 The regimen herein differs from the
CALGB 10403 treatment plan in incorporating a two-
phase induction (with induction II bearing similarities to
the consolidation phase of CALGB 10403), HD-MTX ver-
sus standard escalating (“Capizzi”) MTX, two sequential
intensification/re-induction blocks of therapy (vs. one
block of interim maintenance and one block of delayed
re-induction), 3-years of maintenance chemotherapy for
all patients (vs. a shorter 2-year maintenance period for
women), a pegaspargase dose of 2,000 IU/m2 versus 2,500
IU/m2, and six total doses versus seven total doses of
pegaspargase. While it is challenging to compare clinical
results directly given differences in trial size, follow-up
time, ages of patients enrolled (17-39 years vs. 18-60
years) and period during which patients were enrolled
(2007-2012, CALGB 10403 vs. 2014-2017, study herein),
the 3-year EFS observed herein (68% among all patients
and 85% among patients aged 18-39 years vs. 59% on
CALGB 10403) is encouraging. Long-term follow-up to
assess durability of responses observed in this study will
further inform interpretation of these results. 
Most patients with ALL (83%) treated on this study

exhibited MRD negativity by FACS following induction
II. While achievement of MRD negativity following
induction I herein did not predict superior long-term DFS
and OS among patients with ALL, this study was not
powered to perform such a comparison. Other studies
have reported a significant difference in DFS/OS among
patients achieving MRD negativity by one of several
methods at the conclusion of induction phase I.13,35 The
small number of patients with MRD positivity post-
induction II does not allow for formal comparison of this
group of patients with those who exhibited MRD nega-
tivity post-induction II, and alloHCT was favored for
patients with MRD positivity post-induction II. It
remains unclear whether those patients achieving MRD
negativity following two courses (vs. one course) of
induction therapy using this approach have inferior long-
term disease control or would benefit from earlier intro-
duction of novel agents (e.g., blinatumomab for B-cell
ALL), intensified chemotherapy (high-dose cytarabine,
nelarabine), or alloHCT in CR1. Inotuzumab ozogamicin
and blinatumomab are actively being investigated as
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components of frontline therapy for B-cell ALL/LBL and
may facilitate faster achievement of MRD negativity.36,37
Incorporating other new agents, such as venetoclax, into
this therapeutic backbone may further enhance efficacy
and increase rates of MRD negativity post-induction I.
This study has several limitations, foremost being its

small size. Samples for central MRD review were avail-
able for most, but not all patients, and local MRD was not
considered in the primary analysis herein. While stan-
dardized criteria for pegaspargase toxicity monitoring
and management were provided, institutional practices in
this multi-center study likely varied slightly nonetheless.
During the conduct of this study, comprehensive genom-
ic profiling of ALL at time of diagnosis, including assess-
ment for targetable alterations characteristic of “Ph-like”
ALL, became more common practice.38 Such profiling was
performed inconsistently in the course of this study, lim-
iting our ability to define the incidence of Ph-like ALL or
overall mutational landscape in this cohort. While FACS
is a powerful tool for MRD assessment with rapid results,
monitoring for the malignant clonal T-cell receptor or
immunoglobulin heavy chain re-arrangement by next-
generation sequencing may have provided even more
sensitive detection of MRD. Finally, long-term follow-up
remains limited. 
In summary, a pediatric-inspired regimen including

pegaspargase 2,000 IU/m2 in each of six blocks of inten-
sive therapy, timed to avoid overlapping toxicities, and
omitting two myelosuppressive courses of consolidation,
resulted in manageable toxicity, high rates of MRD nega-
tivity following two-phase induction, and promising
long-term efficacy in adults up to aged 60 years with
newly-diagnosed ALL/LBL. The addition of active novel
agents to such a regimen may increase rates of early MRD
negativity and reduce rates of relapse.
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Recent clinical trials in children with acute lymphoblastic leukemia
(ALL) indicate that severe hypertriglyceridemia (>1000 mg/dL) dur-
ing therapy is associated with an increased frequency of sympto-

matic osteonecrosis. Interventions to lower triglycerides have been con-
sidered, but there have been no preclinical studies investigating the
impact of lowering triglycerides on osteonecrosis risk, nor whether such
interventions interfere with the antileukemic efficacy of ALL treatment.
We utilized our clinically relevant mouse model of dexamethasone-
induced osteonecrosis to determine whether fenofibrate decreased
osteonecrosis. To test whether fenofibrate affected the antileukemic effi-
cacy of dexamethasone, we utilized a BCR-ABL+ model of ALL. Serum
triglycerides were reduced by fenofibrate throughout the period of treat-
ment, with the most pronounced, 4.5-fold, decrease at week 3 (P<1x10-6).
Both frequency (33% vs. 74%, P=0.006) and severity (median necrosis
score of 0 vs. 75; P=6x10-5) of osteonecrosis were reduced with fenofi-
brate. Fenofibrate had no impact on BCR-ABL+ ALL survival (P=0.65) nor
on the antileukemic properties of dexamethasone (P=0.49). These data
suggest that lowering triglycerides with fenofibrate reduces dexametha-
sone-induced osteonecrosis while maintaining antileukemic efficacy, and
thus may be considered for clinical trials. 

Fenofibrate reduces osteonecrosis without
affecting antileukemic efficacy in
dexamethasone-treated mice
Emily R. Finch,1 Monique A. Payton,1 David A. Jenkins,1 Xiangjun Cai,1 Lie Li,1

Seth E. Karol,2 Mary V. Relling1 and Laura J. Janke3

1Department of Pharmaceutical Sciences, St. Jude Children’s Research Hospital;
2Department of Oncology, St. Jude Children’s Research Hospital and 3Department of
Pathology, Division of Comparative Pathology, St. Jude Children’s Research Hospital,
Memphis, TN, USA

ABSTRACT

Introduction

Hypertriglyceridemia occurs in 4-19% of children treated with glucocorticoids
and/or asparaginase during therapy for acute lymphoblastic leukemia (ALL).1-7

Although hypertriglyceridemia has been thought to be transient and relatively
benign,1,2 recent studies suggest that patients with severe hypertriglyceridemia
(>1000 mg/dL) during ALL therapy may be at increased risk of long-term compli-
cations, including symptomatic osteonecrosis.3,7,8

Recent recommendations for pharmaceutical management of severe hypertriglyc-
eridemia include the use of fibrates, specifically fenofibrate.9 In addition to being
associated with fewer drug-drug interactions than statins,10-12 fenofibrate specifically
reduces serum triglycerides by as much as 50%, with minimal adverse reactions,13-15

whereas the main effect of statins is the decrease of serum low-density lipoprotein
cholesterol.9,16,17 The active metabolite of fenofibrate, fenofibric acid, targets peroxi-
some proliferator activated receptor-α, leading to activation of lipoprotein lipase
which increases lipolysis and elimination of triglyceride-rich particles,18 resulting in
reduction of circulating serum triglycerides.19,20 Therefore, it has been suggested that
fenofibrate could be useful in the management of acute hypertriglyceridemia, such
as that observed during ALL therapy. However, there is no evidence that lowering
triglyceride levels with fenofibrate can reduce risk of osteonecrosis. Moreover, with
very effective ALL therapy, caution must be exercised before adding any new agents
to treatment regimens, to avoid untoward drug interactions.
In these proof-of-principle experiments, we tested the hypothesis that lowering

serum triglyceride levels with fenofibrate in dexamethasone-treated mice would



result in decreased osteonecrosis and would not interfere
with the efficacy of antileukemic therapy.

Methods

Treatment
Experiments were approved by the Institutional Animal Care

and Use Committee of St. Jude Children’s Research Hospital
(SJCRH; Memphis, TN, USA): protocol numbers 423-100428
and 465-100549. 
All mice received prophylactic antibiotics in drinking water

(herein referred to as “base-water”): continuous tetracycline (1
g/L; Sigma-Aldrich, St. Louis, MO, USA) and intermittent sul-
famethoxazole/trimethoprim oral suspension (600/120 mg/L for
3.5 days/week; Aurobindo Pharma, USA, Inc., Dayton, NJ,
USA). Mice were randomized to receive continuous dexametha-
sone (0.4 mg/mL sodium phosphate solution; Fresenius Kabi,
Lake Zurich, IL, USA)  in drinking water, herein referred to as
“dexamethasone water” (3 mg/L in the osteonecrosis model and
4 mg/L in the BCR-ABL+ ALL model).21-23

The folic acid-deficient diet (0.2 ppm folic acid; TestDiet,
Richmond, IN, USA) was the “base-diet”.21 Fenofibrate (Sigma
Aldrich, St. Louis, MO, USA) was added to the base-diet for a
final concentration of 0.2% fenofibrate (w/w) to make the
“fenofibrate-supplemented diet” (TestDiet, Richmond, IN, USA).
This dose had been used in prior experimental rodent models.24-26

Serum triglycerides were measured with an ABX Penta 400
instrument (Horiba, Montpellier, France) after the animals had
fasted for 12 to 16 h (food was withheld; mice had free access to
water).

Mice were randomized to one of four treatment groups: con-
trol (base-water and base-diet); fenofibrate-only (base-water and
fenofibrate-supplemented diet); dexamethasone-only (dexam-
ethasone-water and base-diet); or dexamethasone + fenofibrate
(dexamethasone-water and fenofibrate-supplemented diet).

Osteonecrosis model
The protocol was modified from that previously described.21,22,27-

29 At postnatal days 26 to 28, male Balb/cJ mice (bred in-house at
SJCRH) were randomized by body weight (13.5 g, 95% confi-
dence interval [95% CI]: 13.0- 14.7) to 6 weeks of treatment.
Fasting serum triglycerides were measured after 1, 3, and 6 weeks
of treatment. At the end of treatment, white adipose tissue; and
plasma dexamethasone and fenofibric acid levels were measured.
Osteonecrosis and epiphyseal arterio pathy were evaluated and
scored in both distal femora, by a board-certified veterinary
pathologist (LJJ), as described previously21,22,27-29 Details are provid-
ed in the Online Supplementary Methods. 

BCR-ABL+ acute lymphoblastic leukemia model
The BCR-ABL (p185+, Arf-/-) luciferase-positive cell line (BCR-

ABL+) was generated.23,30-32 Female 8-week-old matched syngene-
ic mice (C57Bl/6J, Arf-wildtype; Jackson Laboratory, Bar Harbor,
ME, USA) received intravenous injections of 2,000 BCR-ABL+

cells. Bioluminescent imaging was performed weekly,23 to mon-
itor leukemic burden. At day 3, mice were stratified by lumines-
cent signal and body weight to treatment (n=10/treatment
group). Fasting serum triglycerides were measured at day 24.
Treatment ended at day 28: mice were maintained on base-
diet/base-water until a humane endpoint or the end of study at
day 63. Details are given in the Online Supplementary Methods. 
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Figure 1. Experimental design, body weight, and survival in dexamethasone-induced osteonecrosis. (A) Experimental design: male Balb/cJ mice were placed on 6
weeks of continuous treatment with dexamethasone, fenofibrate, or both. (B) Body weight relative to week 0 is shown as a median with 95% confidence interval
(95% CI).  Control mice and mice treated with fenofibrate (Feno) only weighed more than those treated with dexamethasone (Dex) only or Dex + Feno from weeks
1-6 of treatment (P<1x10-6). (C) Survival did not differ by treatment group. The survival rate was 100% in the control group  (12/12) and the group treated with Dex
+ Feno (33/33), whereas it was 98% in both the Dex Only (23/24) and Feno Only (20/21) groups (P=0.55). 
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Statistical analysis
The frequency of osteonecrosis/arteriopathy was compared

using the χ2 test. Log-rank testing was used for survival compar-
isons. For continuous variables, the two-tailed Mann-Whitney
test was used (two groups); the Kruskal-Wallis test with Dunn
correction was used for multiple comparisons (three or more
groups). All continuous statistics are expressed as the median
with 95% confidence interval. The R program (version 3.5.1)33 or
GraphPad Prism34 was used for the statistical analyses and visual
representation. P values <0.05 were considered statistically sig-
nificant for all analyses. 
Results

Fenofibrate in experimental osteonecrosis
Consistent with previous observations,21,22,28,29 mice that

received dexamethasone (i.e., animals in the dexametha-
sone-only and dexamethasone + fenofibrate treatment
groups) gained less weight over time compared to those
not treated with dexamethasone (control and fenofibrate-

only treatment groups) (Figure 1B). Fenofibrate supple-
mentation suppressed weight gain over the course of
treatment. By week 6 of treatment, control mice had
gained 50% more weight than mice treated with fenofi-
brate only (P=2x10-5) and mice treated with dexametha-
sone only had gained 10% more weight than those treat-
ed with dexamethasone + fenofibrate (P=0.01) (Figure
1B). There was no difference in survival between groups
(P=0.55) (Figure 1C).
In mice treated with dexamethasone, fenofibrate signif-

icantly reduced serum triglyceride levels as early as week
1, from 130.1 mg/dL (95% CI: 85.2- 201.1) to 37.4 mg/dL
(95% CI: 17.1- 60.3), a 3.5-fold decrease (P=0.0004).
Fenofibrate supplementation continued to suppress dexa -
methasone-induced hypertriglyceridemia at week 3 (4.5-
fold decrease, P<1x10-6) through to the end of treatment
at week 6 (3.5-fold decrease, P=5x10-6). There was no dif-
ference in triglyceride levels at weeks 1 and 3 between
mice treated with fenofibrate only and those treated with

Fenofibrate reduces experimental osteonecrosis
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Figure 2. Fenofibrate reduces serum lipids and fat depots in dexamethasone-treated mice. (A) Median (with 95% confidence interval) fasting serum triglyceride lev-
els at weeks 1, 3, and 6 of treatment. Week 1, n=8-12/group; week 3, n=12-27/group; week 6, n=12-31/group. (B) Perigonadal and inguinal fat pads at week 6;
n=8-10/group. P-values shown between relevant groups: control versus fenofibrate only; control versus dexamethasone (DEX) only; fenofibrate only versus DEX +
fenofibrate; DEX only versus DEX + fenofibrate. 
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fenofibrate + dexamethasone (P>0.99 at each time point).
By week 6, triglycerides were higher in the mice treated
with fenofibrate + dexamethasone than in those treated
with fenofibrate only (P=0.005): however, levels were
comparable to those in control mice (P>0.99) (Figure 2A). 
In dexamethasone-treated mice, fenofibrate reduced

white adipose tissue: perigonadal fat (representative of
visceral fat) was reduced from 0.30 g (95% CI: 0.22- 0.54)
to 0.17 g (95% CI: 0.11- 0.20; P=0.01) and inguinal fat
(representative of posterior subcutaneous fat) was
reduced from 0.25 g (95% CI: 0.19- 0.47) to 0.12 g (95%
CI: 0.10- 0.15; P=0.0003) (Figure 2B).
As expected, only mice that received dexamethasone

developed osteonecrosis and/or arteriopathy (Figure 3).
The frequency of both osteonecrosis and arteriopathy
was 74% in mice treated with dexamethasone only versus
33% in those treated with dexamethasone + fenofibrate
(P=0.006) (Figure 3A). Not only was the frequency of
osteonecrosis and arteriopathy reduced over 2-fold with
fenofibrate, but the severity of these conditions was sig-
nificantly reduced. In the mice treated with dexametha-
sone only, the necrosis score was reduced from 75 to 0
with fenofibrate supplementation (P=6x10-5) (Figure 3B)
and the arteriopathy score was reduced from 4 to 0
(P=0.0006) (Figure 3C). 
In mice treated with dexamethasone + fenofibrate,

there was a correlation between the triglyceride level at
week 3 and osteonecrosis: mice that developed
osteonecrosis had a median triglyceride concentration of
67.5 mg/dL (95% CI: 21.1-96.9) versus 37.2 mg/dL (95% CI:
30.9-53.1) in osteonecrosis-negative mice (P=0.03) (Online
Supplementary Figure S1A). By the end of treatment, there

was no difference in triglyceride levels by osteonecrosis
status (P>0.99) (Online Supplementary Figure S1B).
At the end of treatment, there was no difference in

plasma dexamethasone levels between mice treated with
dexamethasone only (26.6 nM, 95% CI: 20.0-58.3 nM)
and those treated with dexamethasone + fenofibrate
(20.5 nM, 95% CI: 16.7- 25.9 nM; P=0.1) (Online
Supplementary Figure S2A). The levels of fenofibric acid
were significantly lower in animals treated with dexa -
methasone + fenofibrate (1.9 mg/mL, 95% CI: 1.6-2.4
mg/mL) than in those treated with fenofibrate only (6.7
mg/mL, 95% CI: 6.1-8 mg/mL, P<1x10-6) (Online
Supplementary Figure S2B). 

Fenofibrate in experimental BCR-ABL+ acute 
lymphoblastic leukemia
In a BCR-ABL+ dexamethasone-sensitive model of

murine ALL, (Figure 4A), all mice that did not receive
dexa methasone succumbed to disease by day 35 (Figure
4C), and animals in both the groups treated with dexam-
ethasone only and dexamethasone + fenofibrate lived
longer than those that did not receive dexamethasone
(P<1x10-6). Mice were monitored for relapse until the end
of follow-up at day 63. There was no difference in disease
burden between the dexamethasone-only versus dexam-
ethasone + fenofibrate treatment groups, as indicated by
survival (P=0.49) (Figure 4C), spleen weight (P>0.99)
(Online Supplementary Figure S3A), and white blood cell
count (P>0.99) (Online Supplementary Figure S3B). Among
the dexamethasone-treated mice, fenofibrate decreased
triglyceride levels from 89.9 mg/dL to 29.0 mg/dL
(P=0.001) (Figure 4D).
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Figure 3. Fenofibrate reduces the
frequency and severity of
osteonecrosis and arteriopathy in
dexamethasone-treated mice. (A)
Frequency of osteonecrosis or
arteriopathy, compared with the χ2

test. (B) Necrosis scores (possible
range of 0 [no osteonecrosis] to
200 [equivalent to 100% necrosis
in both hind limbs]) and (C)
arterio pathy scores (possible
range of 0 [no arteriopathy] to 8
[thrombotic arteriopathy in both
limbs]) were reduced with fenofi-
brate. Median with 95% confi-
dence interval (box and whiskers)
and mean (triangle). Note that no
control mice or mice treated with
fenofibrate only developed
osteonecrosis or arteriopathy.
Dex: dexamethasone; Feno:
fenofibrate.
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Discussion

Although the etiology of osteonecrosis is not completely
understood, the involvement of lipid metabolism has been
well documented.35-37 However, there have been few studies
investigating whether pharmacologically lowering triglyc-
erides prevents osteonecrosis.38
We found that fenofibrate supplementation successfully

managed dexamethasone-induced hypertriglyceridemia
(Figure 2) and was associated with reductions in the fre-
quency and severity of osteonecrosis (Figure 3). The corre-
lation between week 3, but not week 6 triglyceride levels
(Online Supplementary Figure S1), and osteonecrosis suggest
that management of triglycerides is especially important
early in the progression of the disease. Although there was
an increase in triglyceride levels between mice treated with
fenofibrate + dexamethasone and those treated with fenofi-
brate only by week 6 (Figure 2A), fenofibrate was able to
maintain triglyceride levels comparable to those in control
mice, even with prolonged continuous exposure to dexam-
ethasone. 
Any addition to ALL therapy must be thoroughly

assessed to ensure that it does not interfere with the highly
effective modern drug regimens.  For our purposes, we uti-
lized a model of BCR-ABL+ ALL known to be sensitive to
dexamethasone treatment. Fenofibrate supplementation
did not cause observable differences in the efficacy of dex-
amethasone in the treatment of experimental BCR-ABL+

ALL (Figure 4). 
In our experimental models, the dosage of both dexa -

methasone and fenofibrate were well tolerated (Figure 1C)
and resulted in plasma levels of the drug/metabolites in the

clinical range.13,39,40 Although the plasma concentration of
fenofibric acid was lower in mice treated with dexametha-
sone + fenofibrate than in those treated with fenofibrate
only (Online Supplementary Figure S2B), it was still effective
in reducing dexamethasone-induced hypertriglyceridemia
(Figure 2A) and osteonecrosis (Figure 3), while not affecting
BCR-ABL+ ALL treatment (Figure 4). Statins have been sug-
gested as possible agents to reduce osteonecrosis41-43 but
because they have potent interactions with CYP3A and
with SLCO1B1 (enzymes involved in the metabolism and
disposition of multiple ALL drugs), their likelihood of drug
interactions makes them less desirable agents to use in
patients with ALL. 
Dexamethasone treatment is associated with hyper-

triglyceridemia.1,3,44 It has been shown that elevated levels of
serum triglyceride-rich lipoproteins contribute to endothe-
lial dysfunction and subsequent atherosclerosis.45 We
hypothesized that dexamethasone-induced arteriopathy
and subsequent osteonecrosis are related to hypertension
caused by endothelial dysfunction.27,46 We therefore suspect
that the mechanism by which fenofibrate reduced the inci-
dence of osteonecrosis and arteriopathy was by lowering
the dexamethasone-induced elevation of triglyceride-rich
lipoproteins and thereby mitigating the effects of endothe-
lial dysfunction.  
In children with ALL, there are no specific guidelines for

managing triglyceride levels during glucocorticoid and/or
asparaginase treatment. However, conservative use of
fibrates has been successful in managing triglycerides in
specific cases, with no reported adverse events.3,5,47 In gener-
al, the use of fibrates in children is limited to cases of
extreme hypertriglyceridemia to prevent pancreatitis, pri-
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Figure 4. Fenofibrate does not affect efficacy of dexamethasone in BCR-ABL+ acute lymphoblastic leukemia. (A) Experimental design. DEX water: continuous dex-
amethasone in drinking water; base-water: drinking water; base-diet: folic acid-deficient diet. (B) Ventral luminescence was measured weekly. (C) A log-rank test of
survival data shows P-values for the comparisons between the various groups: control mice, mice treated with fenofibrate only, dexamethasone (DEX) only and DEX
+ fenofibrate. P<1x106 between DEX-treated groups (DEX only and DEX + fenofibrate) versus no DEX treatment (control and fenofibrate only). The shaded yellow area
indicates time on therapy. (D) Fasting serum triglyceride levels at day 24 (3 weeks after BCR-ABL transplant). N=9-10/group.
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marily in individuals with familial lipid disorders.20,48-50
Fibrates have been shown to reduce triglycerides effectively
in children, by between 39% and 54%.49,51 As seen in adults,
data suggest that fibrates are well tolerated in children, with
the most frequently reported adverse reactions being gas-
trointestinal disturbances and muscle cramps.13,14,20,49
However, transient increases in liver function tests have
been reported in a small number of cases,48,51 indicating a
potential for hepatotoxicity when used in combination
with other hepatotoxic chemotherapeutic agents.
Although fibrates have been included in a case-by-case

basis to manage hypertriglyceridemia during ALL thera-
py,3,5,47 there has been no systematic analysis of the effect of
lipid-lowering interventions and long-term outcomes in
ALL survivors. Our proof-of-principle preclinical experi-
ments show that fenofibrate treatment is a potential inter-
vention to reduce dexamethasone-induced osteonecrosis in
ALL, without carrying the risk of substantial drug interac-
tions and without any untoward effect on the efficacy of
ALL therapy. Our findings support the rationale for con-
trolled clinical trials with fenofibrate in chemotherapy-
related hypertriglyceridemia.  
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Adhesive properties of leukemia cells shape the degree of organ
infiltration and the extent of leukocytosis. CD44 and the integrin
VLA-4, a CD49d/CD29 heterodimer, are important factors in pro-

genitor cell adhesion in bone marrow. Here, we report their cooperation
in acute myeloid leukemia (AML) by a novel non-classical CD44-medi-
ated way of inside-out VLA-4 activation. In primary AML bone marrow
samples from patients and the OCI-AML3 cell line, CD44 engagement
by hyaluronan induced inside-out activation of VLA-4 resulting in
enhanced leukemia cell adhesion on VCAM-1. This was independent of
VLA-4 affinity regulation but based on ligand-induced integrin clustering
on the cell surface. CD44-induced VLA-4 activation could be inhibited
by the Src family kinase inhibitor PP2 and the multikinase inhibitor
midostaurin. As a further consequence, the increased adhesion on
VCAM-1 allowed AML cells to bind stromal cells strongly. Thereby, the
VLA-4/VCAM-1 interaction promoted activation of Akt, MAPK, NF-kB
and mTOR signaling and decreased AML cell apoptosis. Collectively, our
investigations provide a mechanistic description of an unusual CD44
function in regulating VLA-4 avidity in AML, enhancing AML cell reten-
tion in the supportive bone marrow microenvironment.

CD44 engagement enhances acute myeloid
leukemia cell adhesion to the bone marrow
microenvironment by increasing VLA-4 avidity
Julia C. Gutjahr,1,2* Elisabeth Bayer,1* Xiaobing Yu,3 Julia M. Laufer4, Jan P.
Höpner,1 Suzana Tesanovic,5 Andrea Härzschel,6 Georg Auer,1 Tanja Rieß,1

Astrid Salmhofer,1 Eva Szenes,1 Theresa Haslauer,1 Valerie Durand-Onayli,1

Andrea Ramspacher,5 Sandra P. Pennisi,6 Marc Artinger,4 Nadja Zaborsky,1

Alexandre Chigaev,7 Fritz Aberger,5 Daniel Neureiter,8 Lisa Pleyer,1 Daniel F.
Legler,4,9 Veronique Orian-Rousseau,3 Richard Greil1 and Tanja N. Hartmann1,6

1Department of Internal Medicine III with Hematology, Medical Oncology,
Hemostaseology, Infectiology and Rheumatology, Oncologic Center, Salzburg Cancer
Research Institute - Laboratory for Immunological and Molecular Cancer Research
(SCRI-LIMCR), Paracelsus Medical University, Cancer Cluster Salzburg, Salzburg, Austria;
2Centre for Microvascular Research, William Harvey Research Institute, Barts and The
London School of Medicine and Dentistry, Queen Mary University of London, London,
UK; 3Karlsruhe Institute of Technology, Institute of Toxicology and Genetics, Karlsruhe,
Germany; 4Biotechnology Institute Thurgau (BITg) at the University of Konstanz,
Kreuzlingen, Switzerland; 5Department Biosciences, Paris-Lodron University of Salzburg,
Cancer Cluster Salzburg, Salzburg, Austria; 6Department of Internal Medicine I, Medical
Center and Faculty of Medicine, University of Freiburg, Freiburg, Germany; 7Department
of Pathology and Cancer Center, University of New Mexico, Albuquerque, NM, USA;
8Institute of Pathology, Paracelsus Medical University Salzburg, Salzburg, Austria and
9Theodor Kocher Institute, University of Bern, Bern, Switzerland

*JCG and EB contributed equally as co-first authors.

ABSTRACT

Introduction

Acute myeloid leukemia (AML) is an aggressive and difficult-to-treat hematologic
malignancy, characterized by the accumulation of immature myeloid blasts. Within
the bone marrow (BM), AML cells interact and communicate with stromal and
immune cells and reprogram mesenchymal stromal cells to selectively support
leukemic cells, while simultaneously suppressing normal hematopoiesis.1 These
microenvironmental interactions contribute to protect leukemic stem cells from
chemotherapeutic drugs, thus allowing residual disease after therapy, ultimately
causing relapses.1 A better understanding of the adhesive mechanisms that facilitate



the interactions between AML cells and the supportive
microenvironment may pave the way for novel combina-
tion therapies antagonizing residual disease.
The glycoprotein CD44 functions by binding to its major

ligand hyaluronic acid (HA), which is expressed by BM
stromal cells and endothelial cells.2 In AML, targeting CD44
reduced leukemic repopulation in serial transplantations by
eradication of leukemic stem cells.3
A second key orchestrator of leukemic cell-BM microen-

vironment interactions is the integrin VLA-4, a
CD49d/CD29 heterodimer. The binding of VLA-4 to its lig-
and VCAM-1 is strengthened by inside-out signaling. This
means that external stimuli mediate intracellular signaling
triggered by other cell surface receptors, resulting in a
change of either the avidity or the affinity of the integrin for
its ligands.4 Avidity changes occur due to cluster formation
of the integrin, whereas affinity is increased by conforma-
tional changes.5 Cooperativity of CD44 and VLA-4 has pre-
viously been suggested, but little is known about the mech-
anism.6-8 To elucidate the mechanistic crosstalk between the
two key homing factors, CD44 and VLA-4, to the BM in
AML cell lines and primary AML cells, we used adoptive
transplantations as well as static and shear flow adhesion
assays in combination with immunofluorescence
microscopy approaches. We uncovered a novel HA/CD44-
induced inside-out activation of the integrin VLA-4. This
activation leads to increased avidity due to VLA-4 clusters
but no alterations in affinity between VLA-4 and its ligand
VCAM-1. This elevated adhesion is important for AML cell
retention in the stromal niche.  

Methods

Study approvals and processing of patients’ samples
Following written informed consent, BM aspirates from

patients with newly diagnosed AML were collected at the Third
Medical Department, Paracelsus Medical University Salzburg,
Austria (Salzburg ethics committee approval number: 415-
E/2009/2-2016). Normal CD34+ progenitor cells from patients
with myeloma or non-Hodgkin lymphoma who underwent
hematopoietic stem/progenitor cell mobilization were used as
non-myeloid controls (Salzburg ethics committee approval num-
ber: 415-E/1177/8-2010). Mononuclear cells were isolated using
density gradient centrifugation and the viable cells were frozen
until further usage. The patients’ characteristics are shown in
Online Supplementary Table S1. 
The approval number for the animal experiments is BMWF-

66.012/0032-WF/V/3b/2017.

Adoptive transfers
For blocking experiments, primary AML cells or OCI-AML3

cells were pretreated with αCD44 Fab fragments (clone 515, 5
mg/mL) or αCD49d (clone HP2/1, 5 mg/mL) antibodies for 15 min
at 37°C, where indicated. The specificity of the blockade was con-
firmed by isotype control experiments in representative experi-
ments. For homing versus engraftment assays (3 h and 3 days), cells
were stained using the CellTrace™ Violet Cell Proliferation Kit
(Thermo Fisher). Cells (0.3-1.3x106) were injected intravenously
into NOD scid gamma (NSG) mice. After 3 h or 3 days, the mice
were sacrificed, and the number of human cells that had homed to
BM, spleen and peripheral blood was determined using αCD44
(clone J.173)- and αCD49d (clone 9F10)-specific antibodies.
Homing rate was calculated as the number of CD44 and CD49d
double-positive cells divided by the number of total measured

cells divided by the number of injected AML cells.9,10 Proliferation
after 3 days was determined on the basis of CellTraceTM dye dilu-
tion rates.10 For long-term engraftment (28 days) shCont or
shCD49d OCI-AML3 cells were injected intravenously into NSGS
mice. After 28 days, the mice were sacrificed, and the number of
human CD15 and CD45 double-positive cells per million meas-
ured BM cells, spleen cells or per microliter of blood was deter-
mined. 

Clustering assay
VLA-4 clustering assays were performed as described else-

where,11 using 7.5 mg/mL VCAM-1/Fc. AML cells were pretreated
for 10 min with 10 mg/mL HA, 60 min with 1 mM midostaurin, 30
min with 10 mM PP2 and 30 min with 10 mM cobimetinib
(APExBIO, Houston, USA), where indicated. Cells were allowed
to adhere for 30 min at 37°C before fixation with 4%
paraformaldehyde. Slides were stained with αCD49d (clone
AHP1225), αCD29 (clone 12G10) primary antibodies or isotype
control (not shown) followed by a secondary antibody. For
CD49d cluster analysis of normal progenitor cells from patients
with non-myeloid malignancies, cells were additionally stained
with αCD34 antibody (clone QBEND-10). For quantification,
high-resolution images were acquired on a Leica TCS SP5 II laser-
scanning microscope using a 63×/1.4-NA oil-immersion objective
(Leica, Wetzlar, Germany). The number of clusters was analyzed
using ImageJ software by particle analysis setting the size of the
particle at >2 pixels.12

Stroma binding 
Falcon culture slides were left either uncoated or coated with 20

mg/mL fibronectin for 1 h at 37°C and then 70,000 M2 stromal
cells were seeded and cultured overnight. Primary AML (1x106

cells) or OCI-AML3 cells (0.5x106 cells) were seeded on M2 stro-
mal cells and co-cultured for 30 min at 37°C. Cells were washed,
fixed with 4% paraformaldehyde, and stained using DAPI
Antifade Reagent. Images were taken with an Olympus IX81
microscope (UPLSAPO 20xO/0.85 objective). Numbers of cells
were determined in 12 pictures for each treatment with ImageJ
software.
Additional experimental procedures are described in the Online

Supplementary Methods.

Results

CD44 reflects and mediates leukemic infiltration of
bone marrow
We measured CD44 and CD49d surface expression of

BM-derived primary AML patients’ samples and the AML
cell line OCI-AML3 by flow cytometry. All AML patient-
derived blasts, identified via CD45/side scatter gating,13 and
OCI-AML3 cells, expressed CD44 and CD49d (Figure 1A).
We also screened various other AML cell lines, which cover
most of the AML subtypes, i.e., MV4-11, KG-1a, HL-60,
MOLM-13 and MOLM-14, and found a similar expression
pattern (Online Supplementary Figure S1A). 
We next determined the in vivo contribution of CD44 and

CD49d to homing of AML cells by performing short-term
adoptive transfer experiments of primary human AML cells
as well as OCI-AML3 cells in immunodeficient NSG mice.
In five independent experiments, total mononuclear cells
from BM aspirates of five different AML patients (2 with
wild-type FLT3, 3 with FLT3-ITD mutations) with a blast
content of over 75% were either left untreated or treated
with αCD44 Fab fragment (clone 515) or αCD49d antibody

Hyaluronan/CD44-mediated VLA-4 activation in AML
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Figure 1. CD44 and CD49d are both expressed on acute myeloid leukemia cells; CD44 has a predominant role in homing. (A) Representative histograms of CD44
and CD49d surface expression of primary acute myeloid leukemia (AML) cells and the AML cell line OCI-AML3. (B) Mononuclear cells from bone marrow (BM) aspi-
rates of AML patients pretreated or not with αCD44 antibody clone 515 (αCD44) or αCD49d clone HP2/1 (αCD49d) were injected into the tail veins of NSG mice.
After 3 h the number of AML cells that had homed to BM and spleen of the recipients was determined by flow cytometry using human-specific αCD44 and αCD49d
antibodies. The homing rate was defined as the number of measured leukemic cells per 106 measured cells per 106 injected cells. (Ci) Homing rate to BM and spleen
3 h after injection was measured in five independent experiments using samples from five different AML patients. In each experiment, technical duplicates were per-
formed and they were averaged for the analysis. (Cii) Homing rate to BM and spleen was measured 3 h after injection of OCI-AML3 (n=2). (Di + ii) Homing rate to BM
and spleen was measured 3 h after injection of OCI-AML3 cells transduced with shCD44 or shCD49d or control shRNA (shCont) (n=4, unpaired t-test). (E)
Mononuclear cells from the BM aspirate of one AML patient and OCI-AML3 cells were injected into the tail veins of NSG mice. After 3 h and 3 days the number of
AML cells that had homed or engrafted to BM and spleen of the recipient mice was determined by flow cytometry using human-specific αCD44 and αCD49d anti-
bodies (n=4, unpaired t-test). *P<0.05; **P<0.01; ns: not significant.
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(clone HP2/1) and intravenously injected into NSG mice.
Mice were sacrificed after 3 h (short-term homing, allowing
leukemia cell entry into organs but no proliferation), and
transplanted cells were flow cytometrically identified in the
spleen and BM by human-specific antibodies (Figure 1B).
Cells that had been treated with the blocking αCD44 Fab
fragment had a lower capacity to home to BM within 3 h
compared to untreated cells. The homing of primary
human AML cells to the spleen was strongly diminished
upon CD44 blockade. In contrast, αCD49d antibody treat-
ment only slightly reduced BM homing of AML blasts and
had no effect on their spleen homing (Figure 1Ci). In four of
the five homing experiments we combined
αCD44/αCD49d treatment, but additional CD49d block-
ade did not further increase the inhibitory effect above the
level achieved by treatment with αCD44 alone (Online
Supplementary Figure S1B). Comparable effects were
observed when using OCI-AML3 cells (Figure 1Cii). The
significantly reduced recovery of αCD44-treated cells was
not due to toxicity of the antibody, as in vitro treatment for
3 h had no effect on cell viability (Online Supplementary
Figure S2A). Neither the functional inhibition of CD44 nor
the inhibition of CD49d affected the general CD44 and
CD49d expression of the cells (Online Supplementary Figure
S2B). Anti-CD44 antibody treatment did not affect
CD44/E-selectin-mediated cell arrest (Online Supplementary
Figure S2C). We genetically confirmed the contribution of
CD44 to homing by CD44 knockdown in OCI-AML3 cells
(Online Supplementary Figure S2Dii), observing a significant
reduction in homing of CD44low cells (Figure 1Di). These
cells also showed reduced rolling on HA substrates under
shear flow (Online Supplementary Figure S2Di). CD49d
knockdown, which was confirmed via quantitative poly-
merase chain reaction (PCR), did slightly reduce homing

and arrests of CD49d knockdown OCI-AML3 on VCAM-1
substrate were diminished (Figure 1Dii,  Online
Supplementary Figure S2Ei+ii). Concurrent analysis 3 days
after transplantation allowed us to investigate not only
homing but also early engraftment, which includes the first
proliferation events.14 We noted equal numbers of primary
AML cells and OCI-AML3 cells at 3 h and 3 days in BM
while leukemic recovery in spleen was diminished after 3
days (Figure 1E). In concordance, recovered AML cells had
undergone more cell divisions in BM than in spleen at this
time (Online Supplementary Figure S2Fi+ii), indicating that
the BM rather than the spleen microenvironment provides
supportive signals for leukemic engraftment. Furthermore,
when NSGS mice were engrafted with human AML cells
and afterwards treated with an αCD44 antibody, the AML
pool shifted from BM to spleen 1 day after treatment, sug-
gesting that CD44 is a BM retention factor (Online
Supplementary Figure S2G). In summary, we found that
CD44 plays a key role in homing of AML cells to murine
BM and spleen, with the BM providing a favorable environ-
ment for early engraftment of AML.

An interaction between hyaluronic acid and CD44 
triggers inside-out activation of VLA-4 in acute myeloid
leukemia 
To dissect the AML homing process in a mechanistic

manner, we used in vitro flow chamber assays, as described
elsewhere.15 These assays allowed us to study the individ-
ual and combined interactions of CD44 and VLA-4
expressed on AML cells with the respective ligands HA and
VCAM-1. First, we perfused OCI-AML3 cells over an
immobilized HA substrate under shear stress. We found
that the cells had a strong capacity to tether to and roll on
this substrate: this capacity was completely abolished upon
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Figure 2. Hyaluronic acid treatment
increases acute myeloid leukemia
cell arrests on VCAM-1 under shear
flow. (A) OCI-AML3 cells were per-
fused over hyaluronic acid (HA).
Where indicated, cells were pretreat-
ed with blocking αCD44 antibody
(clone 515). (B) OCI-AML3 (i) or pri-
mary acute myeloid leukemia (AML)
cells from five different patients (ii)
were perfused over VCAM-1. Where
indicated, cells were pretreated with
soluble HA or αCD49d antibody
(clone HP2/1) (abrogating VLA-4-
mediated interactions). (C) OCI-AML3
cells were perfused over a VCAM-1 or
VCAM-1/HA substrate upon pretreat-
ment with αCD49d antibody (clone
HP2/1), where indicated. (D) OCI-
AML3 cells were perfused over
VCAM-1. Where indicated, cells were
pretreated with low molecular weight
HA (LMW-HA) or high molecular
weight HA (HMW-HA). (E) OCI-AML3
cells transduced with shCD44 or con-
trol shRNA were perfused over VCAM-
1; cells were pretreated with soluble
HA, where indicated. Categories of
interaction (tethers) are expressed
as frequencies of cells in direct con-
tact with the substrate. Two groups
were compared with a paired t-test,
three groups were compared with
one-way analysis of variance with
multiple comparisons. *P<0.05;
**P<0.01; ns: not significant. 
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treatment with αCD44 blocking antibody (clone 515)
(Figure 2A). We further confirmed this HA-binding capacity
by flow cytometry using fluorescein-labeled HA (HA-FITC)
(Online Supplementary Figure S3A). Next, we tested whether
AML cells were capable of tethering to the VLA-4 ligand
VCAM-1 under shear flow conditions. Unstimulated OCI-
AML3 and primary AML cells from five different patients
bound immobilized VCAM-1 at low adhesive strength,
which was evident by the low frequency of firm adhesion
on this substrate (Figure 2Bi+ii). Treatment with a blocking
αCD49d antibody abrogated all interactions of the OCI-
AML3 and primary cells with the immobilized VCAM-1,
confirming the VLA-4 dependency of this process (Figure
2Bi, Online Supplementary Figure S3B). Notably, pre-treating
AML cells with the CD44 ligand HA and then perfusing the
cells over a VCAM-1 substrate increased adhesion, without
changing CD44 or CD49d surface expression (Figure 2Bi+ii,
Online Supplementary Figure S3C), which suggests
HA/CD44-induced inside-out VLA-4 activation. Co-immo-
bilization of both ligands HA and VCAM-1 resulted in
strong CD49d-dependent adhesive capacity of the
leukemia cells, suggesting inside-out activation rather than
mere additive effects in adhesion (Figure 2C). CD44-medi-
ated inside-out signaling is well known to vary depending
on the molecular weight of the HA trigger.16 Indeed, CD44-
induced VLA-4 activation was only achieved by high
molecular weight HA, but not by low molecular weight HA
(Figure 2D). Using shCD44-transduced OCI-AML3 cells
confirmed that the increased VLA-4/VCAM-1 binding upon
HA treatment is CD44-dependent (Figure 2E). These data
indicated an unusual integrin activation, different from the
well-described, classical CXCL12/CXCR4-induced VLA-4
activation,17 which led us to investigate the nature of this
molecular crosstalk . 

Hyaluronic acid-induced inside-out signaling to VLA-4
results in CD49d cluster formation but not in VLA-4
affinity modulation 
VLA-4-dependent adhesion is controlled by either affini-

ty changes, gained by several conformational states of the
integrin,18 or avidity changes due to clustering of the mole-
cule on the cell surface19 (Online Supplementary Figure S4A).
To investigate the alterations in VLA-4 conformational
states upon HA treatment, we used the αCD29 antibody
(clone HUTS-21) that binds solely to the ligand-occupied
state of VLA-4.20 To mimic VLA-4 ligand binding, we used
a probe containing the conserved Leu-Asp-Val (LDV)
sequence, specific for the VLA-4 binding site. Manganese
was used as a positive control as it induces the maximal
extent of VLA-4 activation, which is not achieved under
physiological conditions.20 Surprisingly, OCI-AML3 cells
expressed VLA-4 in an inactive conformation irrespectively
of whether the cells were treated with HA or not and
bound its ligand with comparable affinity (Online
Supplementary Figure S4B).15,20 This unexpected finding
prompted us to elucidate whether the HA-induced AML
cell arrests on the substrate are based on increased avidity
rather than affinity of VLA-4 to VCAM-1. We performed
immunofluorescence microscopy and found increased
CD49d cluster formation on AML cells upon treatment
with HA. This was quantified by counting the number of
the clusters on the individual OCI-AML3 and patient AML
cells (1 representative of 6 patients shown) (Figure 3Ai+ii).
The mean number of clusters per cell was compared
between untreated and HA-treated cells from all six

patients (Figure 3Aiii). HA treatment also induced clustering
of the VLA-4 b subunit CD29 (Online Supplementary Figure
S4C). Pretreatment with blocking αCD44 (clone 515) inhib-
ited cluster formation on OCI-AML3 as well as primary
AML cells (Figure 3B). Using CD44 knockdown and control
transduced OCI-AML3 cells, we confirmed that HA-
induced CD49d clustering only occurred in cells that
expressed CD44 (Figure 3C). This cluster formation trans-
lated into enhanced adhesive capacity, as we confirmed in
an additional static cell adhesion assay, using an alternative
colorimetric method for cell counting (Online Supplementary
Figure S4D). We also performed an avidity-detecting shear
flow assay, as described by Alon et al.,21 by perfusing OCI-
AML3 cells and primary cells over an αCD49d (clone
HP2/1) substrate, further confirming our observations
(Figure 3D, Online Supplementary Figure S4E). To get an
insight into the lateral organization of the VLA-4 clusters on
the membrane, we used methyl-beta-cyclodextrin (MßcD),
which interferes with lipid structures. Although MßcD did
not significantly reduce the number of HA-induced VLA-4
clusters, it abrogated their function to support cell tethering
to VCAM-1 (Online Supplementary Figure S4F).
Next, we studied whether CD44-mediated inside-out

activation is a general mechanism that also occurs in non-
transformed progenitor cells. Using CD34+ cells from four
different patients harboring a non-myeloid, i.e. lymphoid
malignancy occurring at later differentiation states (non-
Hodgkin-lymphoma [n=3] and multiple myeloma [n=1]),
we did not find HA-induced CD49d clustering, suggesting
that induced cluster formation is a specific feature of trans-
formed myeloid progenitor cells (Figure 3E). 
Transformed myeloid progenitors may differ in their

CD44variant (CD44v) composition, with an impact on the
clinical outcome of AML patients.22 We have analyzed the
CD44v composition of several cell lines as well as primary
AML samples and normal CD34+ cells by reverse transcrip-
tion PCR and found differences in the length of CD44v6
containing transcripts among the different primary samples
(Online Supplementary Figure S5A). Interestingly, in OCI-
AML3 CD44v6 cells, co-immunoprecipitated with CD49d,
with a slight pull down increase when cells were preincu-
bated with HA (Online Supplementary Figure S5B). In conclu-
sion, our data demonstrate that HA/CD44 binding induces
CD49d cluster formation in AML, but not normal CD34+
progenitor cells, without changing the conformation of the
VLA-4 heterodimer. 

Src family kinase inhibition and midostaurin treatment
interfere with the CD44-VLA-4 activation axis
Src family kinases (SFK) are important downstream mol-

ecules of HA/CD4423 and likely candidates for integrin acti-
vation.24 To confirm Src and PI3K activation upon HA treat-
ment, we analyzed Src and Akt phosphorylation by west-
ern blot in native, control and shCD44-transduced OCI-
AML3 cells (Online Supplementary Figure S6A). Remarkably,
treating cells with the pan-SFK inhibitor PP2 abrogated the
formation of HA-induced CD49d clusters on the surface of
OCI-AML3 cells (Figure 4Ai) and six different AML
patients’ samples (Figure 4Aii + Ci), providing evidence that
CD49d clustering was Src family-dependent. To start from
broad but therapeutically relevant kinase inhibition, we
used the multikinase inhibitor midostaurin, approved for
the treatment of FLT3-mutated AML. We found that
midostaurin is highly potent in antagonizing HA-induced
CD49d cluster formation of OCI-AML3 cells (Figure 4Bi)
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and six different AML patients’ samples independently of
their FLT3mutation status (FLT3wild-type [n=3], FLT3-ITD
[n=3]) (Figure 4Bii + Cii). 
Additional experiments, using the MEK inhibitor cobime-

tinib and the PI3Kδ inhibitor idelalisib, further suggested

that PI3K, but not MAPK pathways are involved in CD44-
triggered inside-out CD49d cluster formation (Online
Supplementary Figure S6B). We next confirmed that PP2,
midostaurin and idelalisib treatment not only inhibited
cluster formation, but also reduced the binding of primary
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Figure 3. Hyaluronic acid treatment induces CD49d cluster formation on acute myeloid leukemia cells. (A) Confocal images and CD49d cluster analysis of OCI-
AML3 (i) or primary acute myeloid leukemia (AML) cells from bone marrow (BM) aspirates (ii). Cells were untreated (UTC) or pretreated with hyaluronic acid (HA) and
then settled on immobilized VCAM-1, followed by fixation and staining with αCD49d (red) monoclonal antibody (AHP1225), where indicated (1 representative of 6
different patients is shown). CD49d clusters for each treatment were quantified using ImageJ software (n=50 cells, unpaired t-test). Mean numbers of CD49d clus-
ters per cell were compared from six different patients’ samples with/without HA treatment (iii, paired t-test). (B) Confocal images and CD49d cluster analysis of OCI-
AML3 (i) and primary AML cells (ii). Cells were pretreated with/without αCD44 antibody (clone 515) before treatment or not with HA and then settled on immobilized
VCAM-1, followed by fixation and staining with αCD49d (red) monoclonal antibody. CD49d clusters were quantified for each treatment using ImageJ software (n=50
cells, one-way analysis of variance [ANOVA] with multiple comparisons). Mean numbers of CD49d clusters per cell were compared from six different patients’ samples
with/without HA treatment and with/without αCD44 treatment (iii, one-way ANOVA with multiple comparisons). (C) Confocal images and CD49d cluster analysis of
control shRNA (shCont) (i) or shCD44-transduced OCI-AML3 (ii). Cells were pretreated with/without HA and then settled on immobilized VCAM-1, followed by fixation
and staining with αCD49d (red) monoclonal antibody, where indicated (1 of 2 replicates is shown). CD49d clusters for each treatment were quantified using ImageJ
software (n=50 cells, unpaired t-test). (D) OCI-AML3 (i) or primary cells (ii) were perfused over an αCD49d (clone HP2/1) substrate for 1 min at 0.5 dyn/cm2 with/with-
out HA pretreatment. Categories of interaction (tethers) are expressed as frequencies of cells in direct contact with the substrate (6 replicates were performed with
OCI-AML3, 3 replicates were performed with a sample from 1 AML patient). (E) Primary CD34+ cells from four different patients (3 with non-Hodgkin-lymphoma and
1 with multiple myeloma) were pretreated with/without HA and then settled on immobilized VCAM-1, followed by fixation and staining with αCD49d (red) and αCD34
(green, clone QBEND-10) monoclonal antibodies (1 representative patient’s sample is shown). CD49d clusters were quantified for each treatment using ImageJ soft-
ware (n=50 cells, unpaired t-test). (ii) Mean numbers of CD49d clusters per cell were compared from four different patients’ samples with/without HA treatment
(paired t-test). Bars, 5 mm. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
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AML cells (Figure 4D) and OCI-AML3 cells (Online
Supplementary Figure S6C) to VCAM-1 under shear flow
conditions. Collectively, our findings point to a Src family-
and PI3K-dependent signaling pathway that is initiated
upon HA/CD44 engagement, leading to CD49d cluster for-
mation.

The hyaluronic acid-induced VLA-4/VCAM-1 interaction
promotes an acute myeloid leukemia cell-stromal cell
interaction leading to Akt, MAPK and NF-kB pathway
activation
To further identify the impact of the CD44-mediated

VLA-4 activation on pathophysiologically relevant process-
es in the BM microenvironment, we used a static adhesion
assay combined with microscopy of AML cells on a stromal

cell layer. Untreated or HA-pretreated OCI-AML3 cells or
primary AML cells from four different patients were co-cul-
tured with stromal cells for 30 min. After extensive wash-
ing, cell nuclei were visualized via DAPI staining. We found
that HA-pretreated cells had a much higher ability to
adhere firmly to stromal cells. We confirmed that this adhe-
sion was dependent on the HA-induced interaction of VLA-
4 expressed by the AML cells and the VCAM-1 expressed
by the stromal cell, as additional pretreatment with the
αCD44 antibody as well as pretreatment with the αCD49d
antibody inhibited the HA-induced adhesion of OCI-AML3
cells on stromal cells (Figure 5A, B). Additional controls
using CD44 knockdown and control transduced OCI-
AML3 cells (Online Supplementary Figure S7A) as well as
native OCI-AML3 on αVCAM-1-antibody-treated stromal
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Figure 4. Src family kinase inhibition and midostaurin treatment of acute myeloid leukemia cells inhibit hyaluronic acid-induced cluster formation. (A) Confocal images
of OCI-AML3 (i) or primary acute myeloid leukemia (AML) cells from bone marrow (BM) aspirates (ii) that were or were not pretreated with HA and/or the Src family kinase
(SFK) inhibitor PP2. Cells were stained with αCD49d (red) monoclonal antibody (clone AHP1225). For OCI-AML3, one representative experiment of three is shown; for
primary samples, one representative experiment of six is shown (n=50 cells). (B) Confocal images of OCI-AML3 (i) or primary AML cells from BM aspirates (ii). Cells were
pretreated or not with HA and/or the multikinase inhibitor midostaurin. Cells were stained with αCD49d (red) monoclonal antibody. For OCI-AML3, one representative
experiment of three is shown; for primary samples, one representative experiment of six is shown (n=50 cells). (C) Mean numbers of CD49d clusters per cell were com-
pared from six different patients’ samples with/without HA treatment and with/without PP2 treatment (i) or with/without midostaurin (ii). (D) Primary AML cells from five
different patients with/without HA treatment and with/without PP2 treatment (i) or with/without midostaurin (ii) were subjected to shear flow analyses over VCAM-1. One-
way analyses of variance with multiple comparisons were used. Bars, 5 mm. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; ns: not significant.
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cells confirmed the specificity of the HA-CD44 interactions
in triggering adhesion on VCAM-1 expressed by stromal
cells (Online Supplementary Figure S7B).
We next investigated downstream signaling of this VLA-

4/VCAM-1 interaction in AML cells by western blotting
and quantified phosphorylation levels of previously shown
signaling molecules that are important for AML cell sur-
vival, namely Akt, ERK, IkB and mTOR.1 Primary cells from
five different AML patients were treated with HA and/or
with VCAM-1-coated beads, where indicated. In contrast
to brief HA treatment, VCAM-1-coated beads alone were
sufficient to increase phosphorylation of Akt, ERK, IkB and
mTOR in primary AML cells (Figure 6A, B). This can be
attributed to the experimental three-dimensional nature of
this system, which allows a lot more cells to bind to the
VCAM-1-coated beads than immobilized VCAM-1 used
for microscopy (Online Supplementary Figure S8A). In line
with this, VCAM-1 also triggered phosphorylation of ERK,
IkB, FAK and paxillin (Pax) in OCI-AML3 cells (Online
Supplementary Figure S8B).
In light of the key role of active Akt, MAPK, and NF-kB

signaling in leukocyte survival, we next tested the protec-

tive effect of the CD44-VLA-4-dependent cell adhesion in
the context of chemotherapy. We found that OCI-AML3
cells adherent to a co-immobilized substrate of HA and
VCAM-1 underwent less doxorubicin-induced apoptosis
than cells lacking such a substrate. CD49d expression was
mandatory for the protective effect as CD49d knockdown
cells were not protected by HA/VCAM-1 (Figure 6C). The
importance of CD49d in leukemic progression was also
confirmed by long-term in vivo engraftment experiments in
NSGS mice. AML progression was decelerated upon
engraftment of CD49d knockdown (shCD49d) OCI-AML3
cells as compared to engraftment of control cells (shCont)
(Figure 6D). In a xenotransplant model anti-CD49d anti-
body treatment altered the organ-specific localization of
engrafted MOLM-13 cells, but did not significantly prolong
the overall survival of mice undergoing cytarabine (AraC)
treatment (Online Supplementary Figure S9). At this point we
were not successful in establishing a model for testing stan-
dard induction therapy (combined AraC-doxorubicin) and
anti-CD49d treatment in immunodeficient mice, as doxo -
rubicin requires careful further dosing studies to avoid
severe toxicities.
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Figure 5. Hyaluronic acid treatment leads to strong interaction between acute myeloid leukemia cells and stromal cells. OCI-AML3 cells (n=4) (A) or primary cells
from bone marrow (BM) aspirates from four different patients with acute myeloid leukemia (AML) (B) were pretreated or not with HA and/or αCD44 (clone 515) or
αCD49d (clone HP2/1) and allowed to adhere to M2 stromal cells for 30 min. The number of AML cells that bound to the stromal cells was counted on bright field
images with additional DAPI staining by fluorescence microscopy. One-way analyses of variance with multiple comparisons were used. Images were taken at 20x
magnification. Bars, 20 mm. *P<0.05; **P<0.01.
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In conclusion, we demonstrate that HA-induced VLA-4
cluster formation is critical for direct cell-cell contact of
human AML cells with stromal cells, thereby contributing
to supportive signaling pathways in AML cells (Figure 7). 

Discussion

The BM microenvironment plays a decisive role in the
evolution and persistence of AML.1 Adhesive processes are
mandatory to signal perception and leukemia cell-microen-
vironment communication by facilitating the retention of
the tumor cells to protective cues. Moreover, CD44 has
been reported to be a marker of primary human AML can-
cer stem cells and its blockade revealed a potential for dif-
ferentiation in human AML cell lines.3,25,26 Here, we identi-

fied a novel non-classical HA/CD44-triggered way of
inside-out activation of the integrin VLA-4, leading to VLA-
4 cluster formation and increased adhesive strength on
VCAM-1, important for the direct interaction of AML cells
with supportive stromal cells. 
In short-term adoptive transfers of human primary AML

cells to immunodeficient mice, we observed that CD44 had
a key function in rapid tumor cell homing to BM and
spleen, reflecting the biology of normal cellular counter-
parts as well as malignant cells, e.g. chronic myeloid
leukemia-initiating cells.27,28 However, BM engraftment of
malignant cells is dependent not only on homing events but
even more on retention of the cells in distinct supportive
zones of this organ.1 The VLA-4 integrin is known for being
key for the retention of progenitor cells in BM.29 The
strength of binding of the integrin to its ligand VCAM-1,
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Figure 6. VLA-4 engagement triggers the phosphorylation of Akt, ERK, IκB and mTOR and contributes to acute myeloid leukemia progression. (A) Protein lysates of
primary acute myeloid leukemia (AML) cells from bone marrow (BM) aspirates were treated or not with hyaluronic acid (HA) and/or VCAM-1-coated beads and tested
for their ERK, phospho-ERK, Akt, phospho-Akt, IκBα, phospho-IκBα, mTOR and phospho-mTOR content by western blot. One representative experiment of five is shown.
(B) Five independent experiments with five different AML patients’ samples were quantified. Expression intensities were quantified with ImageJ software and phospho-
rylation was normalized to total protein content. One-way analyses of variance with multiple comparisons were used. (C) Apoptosis of native, shCont or shCD49d OCI-
AML3 cells was induced with 0.5 mM of doxorubicin; additionally, cells were treated with immobilized HA and VCAM-1, where indicated. Cell viability was determined
using trypan blue. Four replicates of one representative experiment of two independent experiments are shown. (D) Number of shCont or shCD49d OCI-AML3 cells in
BM, blood, and spleen (SPL) of NSG mice, 28 days after intravenous injection (n=7 per group). *P<0.05; **P<0.01; ***P<0.001; ns: not significant.
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which is presented by stromal cells, is thereby regulated by
signaling cascades inducing increased affinity due to confor-
mational changes of the integrin, the so-called inside-out
signaling.30 In contrast to the well-described, classical,
chemokine-induced VLA-4 inside-out activation by confor-
mational affinity alterations, less is known about
chemokine-independent alternative integrin activation.14,31
We have previously observed that in B-cell malignancies,
signals via the B-cell receptor can induce changes not only
in the affinity but also the avidity of the VLA-4 receptor.11
Here, we identified an AML-specific HA/CD44-mediated
VLA-4 activation via integrin cluster formation without
obvious conformational modulation, further promoting
strong VLA-4/VCAM-1 binding. This chemokine bypass
from CD44 towards VLA-4 is somewhat reminiscent of the
previously observed E-selectin/HCELL-VLA-4 interaction in
mesenchymal stem cells,32 but it clearly differs in the recep-
tor-ligand couple (HA-CD44) and is observed for the first
time in a leukocyte. Nevertheless, the reminiscence may
point to a more general mechanism and is also interesting
in light of the relevant role of E-selectin in AML and other
hematologic malignancies.33-38 Notably, we did not observe
CD44-VLA-4 inside-out activation in normal CD34+ mobi-
lized progenitors, suggesting this is a transformation-related
and tumor-acquired feature for increasing integrin-mediat-
ed retention of AML cells. 
SFK are crucial downstream signaling molecules of CD44

in hematopoietic cells of healthy and sick individuals.39-41
They can contribute to enrichment of CD44/b1 integrin
complexes in lipid rafts42 and also function immediately
downstream of integrins, in concert with focal adhesion
kinases.43 Employing the SFK inhibitor PP2, we identified
SFK within the CD44-mediated VLA-4 inside-out activa-
tion cascade, and propose that a further stabilization of

VLA-4 clusters involves Src-FAK signaling. This could have
therapeutic relevance as PP2 administration was reported to
attenuate progression of a FLT3-mutated AML model.44
However, in the light of the complexity of the Src kinase
family, the particular kinase responsible for the HA/CD44-
mediated inside-out signaling needs to be elucidated by a
genetic screening approach. 
We investigated the therapeutically relevant drug

midostaurin, which is approved for treatment of FLT3-
mutant AML,45 and currently under clinical investigations in
non-FLT3-mutated AML cases (NCT03512197).
Midostaurin is a broad multikinase inhibitor, and more
selective inhibitors, such as gilteritinib and quizartinib for
FLT3 and dasatinib for Src kinases, recently entered the clin-
ical stage.46-48 Notably, kinase signals via FLT3-ITD can
increase the affinity of VLA-4 to soluble VCAM-1.49 Thus,
the here reported CD44-dependent mechanism of VLA-4
activation may be an alternative pathway used by FLT3
wild-type AML cells to increase their adhesion to protective
stromal cells. As FLT3mutation status is an important prog-
nostic marker in AML, it is interesting that the observed
CD44/VLA-4 crosstalk was independent from the patients’
FLT3mutation status, suggesting involvement of alternative
compensatory kinases.
Further downstream of SFK, we supposed PI3K to medi-

ate signaling50-52 and indeed observed diminished HA-
induced CD49d cluster formation in the presence of the
PI3Kδ inhibitor idelalisib. PI3K has been described to pro-
mote human AML survival and BM stromal cell-mediated
protection,53 giving a rationale to investigate PI3K inhibitors
further in AML. As another functional consequence, the
VLA-4-mediated AML adhesion triggered activation of Akt,
MAPK, mTOR and NF-kB pathways, which are known
important mediators of AML survival.53,54 However, in a first
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Figure 7. Schematic overview of the suggested CD44-VLA-4 activation axis and downstream consequences. Binding of acute myeloid leukemia (AML) cells to the
bone marrow (BM) stromal component hyaluronic acid (HA) is dependent on CD44 and enhances adhesion of AML cells to the VLA-4 substrate VCAM-1, a second
important adhesion factor displayed on stromal cells. Mechanistically, this enhanced adhesion is based on inside-out activation of VLA-4, without altering the con-
formation of the integrin. The signaling downstream of CD44 involves several kinases (e.g. Src family kinases [SFK]) causing clustering of the integrin, thereby sta-
bilizing adhesion strength that facilitates direct interaction with stromal cells. This AML cell-stromal cell interaction leads to survival signaling involving activation of
the Akt, MAPK and NF-κB pathways.



xenograft model we could not establish a treatment regime
of combined VLA-4 inhibition and induction chemotherapy
with a survival benefit for the mice. While this argues for
kinase inhibition as the preferential cytarabine combination
partner, it does not exclude a role of VLA-4 inhibition in
other treatment schedules or at other disease points, e.g.
during graft-versus-host management.
Taking all our data together, we suggest that HA binding

to CD44 triggers a signaling axis via SFK and PI3K to rapidly
trigger VLA-4 avidity and hence support the retention of
AML cells in their preferential niches (Figure 7).
Compensatory survival mechanisms of malignant cells still
comprise a major challenge in current AML therapy which
may be tackled by the use of combinatorial therapies,
administering kinase inhibitors that may help to interfere
with cellular position as well as growth signaling accompa-
nied by drugs inducing apoptosis, as a step forward in
improving current treatment modalities.
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Few patients with cancer, including those with acute myeloid
leukemia and high-grade myeloid neoplasms, participate in clinical
trials. Broadening standard eligibility criteria may increase clinical

trial participation. In this retrospective single-center analysis, we identi-
fied 442 consecutive newly diagnosed patients from 2014 to 2016.
Patients were considered “eligible” if they had a performance status 0-2,
normal renal and hepatic function, no recent solid tumor, left ventricular
ejection fraction (EF) ≥50%, and no history of congestive heart failure
(CHF) or myocardial infarction (MI); “ineligible” patients failed to meet
one or more of these criteria. We included 372 patients who received
chemotherapy. Ineligible patients represented 40% of the population
and had a 1.79-fold greater risk of death (95% Confidence Interval [CI]:
1.37-2.33) than eligible patients. Very few patients had cardiac comor-
bidities, including 2% with low EF, 4% with prior CHF, and 5% with
prior MI. In multivariable analysis, ineligibility was associated with
decreased survival (Hazard ratio [HR] 1.44; 95% CI: 1.07-1.93).
Allogeneic transplantation, performed in 150 patients (40%), was associ-
ated with improved survival (HR 0.66, 95% CI: 0.48-0.91).  Therefore,
standard eligibility characteristics identify a patient population with
improved survival. Further treatment options are needed for patients
considered ineligible for clinical trials.
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high-grade myeloid neoplasms who do not
meet standard trial eligibility
Mary-Elizabeth M. Percival,1,2 Megan Othus,3 Sarah Mirahsani,1
Kelda M. Gardner,1 Carole Shaw,2 Anna B. Halpern,1,2 Pamela S. Becker,1,2

Paul C. Hendrie,1 Mohamed L. Sorror,2,4 Roland B. Walter1,2

and Elihu H. Estey1,2

1Division of Hematology, Department of Medicine, University of Washington; 2Clinical
Research Division, Fred Hutchinson Cancer Research Center; 3Public Health Sciences,
Fred Hutchinson Cancer Research Center and 4Division of Medical Oncology,
Department of Medicine, University of Washington, Seattle, WA, USA 

ABSTRACT

Introduction

National Comprehensive Cancer Network guidelines state “the best manage-
ment of any patient with cancer is in a clinical trial.” Nonetheless, relatively few
adults with cancer participate in clinical trials.1 Preferences of patients and physi-
cians, and the distances separating patients from an academic center,   undoubted-
ly contribute and are probably not amenable to change. In contrast, protocol eligi-
bility criteria may be more flexible. These are often stereotypical, ignoring the
complexity and individualized nature of clinical care. Oncology clinical trials, par-
ticularly those sponsored by industry, are generally written with standard eligibil-
ity (and ineligibility) criteria which if anything are becoming more stringent over
time.2 The American Society of Clinical Oncology (ASCO) and similar groups
have encouraged broader eligibility criteria, thus increasing the relevance of clini-
cal trial results for the great majority of patients who do not participate in trials.3

An analysis by Lichtman et al., published simultaneously with the ASCO recom-
mendations, found 50-85% of over 10,000 patients with breast, colorectal, lung, or
bladder cancer seen in 2013 and 2014 at Kaiser Permanente Northern California
would not meet standard clinical trial eligibility criteria.4 This analysis defined eli-
gibility as meeting the requirements of younger age, relatively normal heart, kid-
ney, and liver function, and no recent solid tumor. While some investigational



agents may have only theoretical organ toxicity, the
organ function parameters are infrequently adjusted or
waived. 
Clinical trial participation by patients with hematologic

malignancies has received less attention. Statler et al.
found patients retrospectively determined to be ineligible
for Soutwest Oncology Group (SWOG) leukemia studies
had similar outcomes as eligible patients treated on the
same studies. However, many patients were found to be
ineligible solely because of such administrative reasons as
missing documentation or laboratory values drawn at the
wrong time.5 A more recent single-center analysis exam-
ining the effect of comorbidities and organ dysfunction
found that a very high proportion of acute myeloid
leukemia (AML) patients (88%) would have been exclud-
ed from many clinical trials, but that outcomes did not
differ significantly between eligible and ineligible
patients.6 The authors therefore suggested that clinical
trial eligibility criteria should be liberalized for AML
patients.
In this single-center retrospective analysis, we exam-

ined the proportion of patients at our center with newly-
diagnosed AML or high-grade myeloid neoplasms who
would have met standard clinical trial eligibility criteria.
We also compared outcome in patients according to
whether they met these criteria.

Methods

Patient population
Consecutive patients diagnosed with AML or high-grade

myeloid neoplasms (10-19% blasts) at the University of
Washington (UW)/Fred Hutchinson Cancer Research Center
(FHCRC) between January 1, 2014 and December 31, 2016 were
identified through our institutional database. The study was
approved by the UW Institutional Review Board. 
We identified 442 patients approximately equally divided

between 2014, 2015, and 2016. Data on age, sex, performance
status (PS), SWOG cytogenetic risk,7 treatment related mortality
(TRM) score,8 induction treatment and intensity, and baseline
values for glomerular filtration rate (GFR), creatinine, bilirubin,
and alanine aminotransferase (ALT) were collected using the
institional database. The TRM score uses pre-treatment patient
and disease characteristics to estimate the probability of death
within the first 28 days after induction. In a few patients, a sin-
gle component for TRM calculation was missing so median val-
ues from the database as a whole were used. Patients were clas-
sified as having secondary disease if they had an antecedent
hematologic disorder or previous exposure to chemotherapy.
Induction treatment intensity was divided into three categories:
high (containing cytarabine at 1g/m2/dose or more); intermedi-
ate (including 7+3, CPX-351, or similar); and low (hypomethy-
lating agents, low-dose cytarabine, or similar). We excluded
patients from subsequent analysis who received either palliative
care alone or unknown treatment in the community (n=70; 16%
of the entire population). Additional information regarding prior
malignancy (excluding prior AML, myelodysplastic syndrome,
myeloproliferative neoplasms, and non-melanoma skin cancer),
cardiac disease and/or low ejection fraction (EF) within 3
months of planned treatment, were collected from review of
medical charts (performed by MEP). Response to induction
chemotherapy was defined as complete remission (CR; absolute
neutrophil count [ANC] >1,000/mL and platelet count
<100,000/mL), CR with incomplete count recovery (CRi; ANC

<1,000/mL), or CR with incomplete platelet recovery (CRp;
platelet count <100,000/mL). Measurable residual disease (MRD)
was assessed using multiparameter flow cytometry.

Definition of eligibility for clinical trials
Patients were considered “eligible” for the purposes of our ret-

rospective analysis had PS 0-2, GFR ≥60 ml/min, ALT ≤ twice
the upper limit of normal (ULN), bilirubin ≤1.5 mg/dL, no solid
tumor diagnosed within 2 years preceding the diagnosis of
AML, left ventricular ejection fraction (EF) ≥50%, and no history
of congestive heart failure (CHF) or myocardial infarction (MI).
The criteria are similar to those in a previous analysis of solid
tumor patients and mimic standard trial eligibility criteria.4

Patients were classified as “ineligible” if they failed to meet at
least one of these eligibility criteria. Unknown values were not
considered to make a patient ineligible. Though some trials
exclude patients with older age, we did not use age as a criterion
in light of the recent drug approvals in AML.9,10 

Statistical analysis
Overall survival (OS) was measured from date of first evalua-

tion to date of death, with patients last known to be alive cen-
sored at the date of last contact. Fisher’s exact tests and
Wilcoxon rank-sum tests were used to compare eligible and inel-
igible patients. Fisher’s exact test was used to evaluate 28-day
mortality; patients censored before day 28 were excluded from
the analysis. Fisher’s exact test was used to evaluate response;
response was not available on 29 patients. Cox regression mod-
els and log-rank tests were used to evaluate associations with
OS. All statistical analyses were performed using R.11

Results

Baseline characteristics
We identified 372 patients; 272 patients received inter-

mediate or high intensity induction and 100 low intensity
induction (Table 1). Of these, 207 patients (56%) received
treatment on a clinical trial at UW/FHCRC.
Using the above-noted criteria (performance status,

GFR, ALT, bilirubin, prior solid tumor within 2 years, EF,
and history of CHF or MI), 220 patients (60%) would
have been considered eligible. The reasons for ineligibili-
ty are shown in Table 1. Typically, for a given eligibility
criterion <10% of patients were ineligible. For example,
only 2% of patients would have been ineligible based on
the usual requirement for EF ≥50%, only 4% because of
prior CHF, only 5% because of prior MI, only 5% because
of elevated ALT, and only 5% because of abnormal biliru-
bin. Only 3% of patients would have been ineligible
because they had a solid tumor in the last 2 years, which
is probably the most common solid-tumor free interval
included in clinical trial eligibility criteria. 

Relationship between ineligibility and survival
Univariate analyses showed strong associations

between risk of death and ineligibility criteria including
PS 3-4, GFR < 60 mL/min, and prior CHF or MI (Table 1).
Associations between survival and abnormal ALT, abnor-
mal bilirubin, or decreased EF were not noted, but there
were relatively few patients in these categories. Patients
with one or more ineligibility characteristics represented
approximately 40% of the study population and had a
1.79-fold greater risk of death (95% Confidence Interval

Effect of eligibility criteria on outcomes in AML
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[CI]: 1.37-2.33) than patients who had no ineligibility
characteristics (Table 2; Figure 1). Of the 144 ineligible
patients, 73% (106) failed to meet only a single eligibility
criterion, 26% did not meet two eligibility criteria, while
5% did not meet three criteria (Table 2). 

Relationship between ineligibility and baseline 
characteristics (Table 3)
Although we did not regard secondary AML as a crite-

rion of ineligibility per se, patients with secondary AML
were more likely to be ineligible (P<0.001). This is likely

because many of the secondary AML patients were clas-
sified as such due to receipt of chemotherapy for a prior
malignancy, which in itself is a common reason for exclu-
sion from trials. As expected, there were strong associa-
tions between ineligibility and higher TRM scores
(P<0.001). Nonetheless, rate of 28-day mortality was sim-
ilar between eligible and ineligible patients (4% vs. 8%,
P=0.06). Also as expected, ineligible patients were more
likely to receive intermediate and less intense induction
therapy, rather than more intense induction (P=0.006).
Although we observed no association between eligibility

M.-E.M. Percival et al.
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Table 1. Univariate associations between baseline characteristics and overall survival. Median overall survival (OS) (years) based on Kaplan-Meier
estimates, and hazard ratios (HR), 95% Confidence Intervals (CI), and P-values from univariate Cox regression models reported. Median OS for
treatment related mortality (TRM) is reported for all patients. 
Factor                                                                                 Summary             Median OS (95% CI) (years)           HR (95% CI)                               P

2014                                                                                                       114 (31)                                1.5 (1.1, 3.0)                              Reference                                        -
2015                                                                                                       133 (36)                                1.2 (1.0, 2.0)                           1.23 (0.9, 1.68)                                   0.2
2016                                                                                                       125 (34)                                1.8 (1.1, 2.5)                          1.05 (0.75, 1.47)                                 0.78
Female                                                                                                 154 (42)                                2.2 (1.5, 2.8)                              Reference                                        -
Male                                                                                                      216 (58)                                1.2 (1.0, 1.5)                            1.31 (1, 1.71)                                   0.049
AML                                                                                                     264 (71%)                               1.5 (1.1, 2.2)                              Reference                                         
High grade myeloid neoplasm (<20% blasts)                          107 (29%)                               1.4 (1.1, 2.1)                          0.94 (0.71, 1.24)                                 0.64
PS 0-1                                                                                                    300 (81)                                1.8 (1.4, 2.4)                              Reference                                        -
PS 2                                                                                                        53 (14)                                 0.7 (0.6, 1.4)                           1.77 (1.25, 2.5)                                0.0011
PS 3-4                                                                                                      19 (5)                                  0.2 (0.1, inf)                          2.73 (1.61, 4.63)                               <0.001
De novo                                                                                                181 (49)                                2.0 (1.3, 3.0)                              Reference                                        -
Secondary                                                                                           191 (51)                                1.2 (1.0, 1.8)                          1.41 (1.08, 1.83)                                 0.01
Favorable cytogenetic risk                                                                19 (5)                                  NR (1.6, inf)                              Reference                                        -
Intermediate cytogenetic risk                                                        226 (61)                                1.8 (1.3, 2.4)                          2.17 (0.96, 4.93)                                0.063
Adverse cytogenetic risk                                                                 114 (31)                                0.9 (0.6, 1.4)                            3.4 (1.48, 7.8)                                 0.0038
Unknown cytogenetic risk                                                                 13 (3)                                  0.4 (0.1, inf)                           2.62 (0.88, 7.8)                                 0.083
TRM score (per 1 point increase in score)                          4.59 (0, 73.25)                           1.4 (1.2, 2.0)                          1.05 (1.04, 1.05)                               <0.001
On study                                                                                              207 (56)                                1.4 (1.1, 2.3)                              Reference                                        -
Not on study                                                                                       165 (44)                                1.4 (1.0, 2.0)                           1.1 (0.85, 1.43)                                  0.47
High intensity therapy                                                                      212 (57)                                2.4 (1.8, 3.5)                              Reference                                         -
Intermediate intensity therapy                                                       60 (16)                                 0.7 (0.4, 1.6)                          2.29 (1.61, 3.26)                               <0.001
Low intensity therapy                                                                       100 (27)                                1.1 (0.9, 1.4)                          1.93 (1.44, 2.59)                               <0.001
Age ≤ 75                                                                                               319 (86)                                1.9 (1.4, 2.4)                              Reference                                        -
Age > 75                                                                                                53 (14)                                 0.7 (0.5, 1.0)                           2.38 (1.72, 3.3)                                <0.001
ALT ≤ 2x ULN                                                                                     349 (95)                                1.4 (1.2, 2.0)                              Reference                                        -
ALT > 2x ULN                                                                                       17 (5)                                  0.7 (0.6, inf)                          1.11 (0.59, 2.09)                                 0.75
GFR ≥ 60 ml/min                                                                                319 (87)                                1.8 (1.3, 2.3)                              Reference                                        -
GFR < 60 ml/min                                                                                46 (13)                                 0.8 (0.5, 1.8)                           1.73 (1.2, 2.49)                                0.0035
Bilirubin ≤ 1.5 mg/dL                                                                        347 (95)                                1.5 (1.2, 2.1)                              Reference                                        -
Bilirubin > 1.5 mg/dL                                                                          20 (5)                                  0.7 (0.1, inf)                          1.49 (0.87, 2.56)                                 0.15
No solid tumor in prior 2 years                                                     353 (97)                                1.4 (1.2, 2.1)                              Reference                                        -
Solid tumor within prior 2 years                                                      10 (3)                                  2.0 (1.3, inf)                          0.84 (0.35, 2.05)                                  0.7
EF ≥ 50%                                                                                             275 (98)                                1.8 (1.2, 2.4)                              Reference                                        -
EF < 50%                                                                                                5 (2)                                   3.5 (0.0, inf)                            1 (0.32, 3.15)                                      1
No prior CHF                                                                                      359 (96)                                1.5 (1.2, 2.1)                              Reference                                        -
Prior CHF                                                                                              14 (4)                                  0.6 (0.2, inf)                           1.9 (1.04, 3.49)                                 0.037
No prior MI                                                                                         353 (95)                                1.6 (1.2, 2.2)                              Reference                                         -
Prior MI                                                                                                 19 (5)                                  1.0 (0.5, 0.6)                          1.93 (1.18, 3.18)                               0.0091
PS: performance status; AML: acute myeloid leukemia; OS: overall survival; TRM: treatment-related mortality; ALT: alanine aminotransferase; ULN: upper limit of normal; GFR:
glomerular filtration rate; EF: ejection fraction; CHF: congestive heart failure; MI: myocardial infarction; HR: hazard ratio; CI: Confidence Interval; inf: infinity; NR: not reached.  



and cytogenetic risk, the rate of CR without MRD was
significantly higher in eligible patients (55% vs. 38%).
Partly as a consequence, although eligible patients com-
prised 60% of our population, they comprised 74% of the
140 patients who received allogeneic hematopoietic cell
transplantation (HCT) (P=0.004). It is interesting to
observe that 39 “ineligible” patients went on to allogeneic
HCT, but notably 30 met only one ineligibility criterion at
diagnosis.

Ineligibility is associated with decreased survival
(Table 4) 
A multivariable Cox regression model indicated that

the presence of one more ineligible factors was associated
with decreased overall survival (HR 1.45, 95% CI: 1.08-
1.93) (Table 4), even after accounting for known prognos-
tic factors. Considered as a time-dependent variable,
HCT was associated with improved survival (HR 0.67,
95% CI: 0.49-0.93). Tests of interaction between HCT
and ineligibility indicated no evidence of a difference in
the association between transplant and outcome between
eligible and ineligible patients (HR 0.99, P=0.99).
We also examined the effect of participation in clinical

trials in our cohort. Many of the clinical trials on which
our patients were enrolled were investigator-initiated tri-
als which commonly had more lenient inclusion criteria
than the “standard” eligibility criteria defined for the cur-
rent analysis, perhaps leading our trial patients to have
worse prognoses than those more typically enrolled.
Examples of clinical trials enrolling during this time peri-
od that targeted patients with a high treatment-related
mortality include reduced-dose CPX-35112 and a random-
ized trial for reduced versus full-dose CLAG-M.13 In fact,
despite the relation between shorter survival and ineligi-
bility for clinical trials, participation in a clinical trial (207
patients, 56% of the cohort) was not associated with
improvement in survival (HR 1.01, 95% CI: 0.76-1.33).
Furthermore, of the 207 patients treated on study, 74
(36%) were ineligible by at least one criterion, and the
effect of eligibility on overall survival was similar in
patients treated on or off a trial (interaction P=0.15).

Discussion

Because overly strict eligibility criteria for clinical trials
may lead to unrepresentative study populations, we set
out to examine the frequency of characteristics associated
with ineligibility. We observed a high percentage of
patients with at least one ineligible characteristic (40%),
though this finding is somewhat less than the 50-85%

ineligible patients identified in the Lichtman analysis of
solid tumor trial candidates and less than the 88% ineligi-
ble identified in the Statler analysis of AML patients treat-
ed with chemotherapy.4,6 Our analysis excluded a subset
of patients who received palliative care alone or
unknown treatment in the community. Because of the
nature of oncology trials, the Lichtman analysis notably
also included age over 75 as an exclusion criterion, which
was a characteristic of 14% of our final cohort. 
Cardiac disease was uncommon in our cohort, at least

based on history of CHF (4%) or MI (5%) and decreased
EF within 3 months of leukemia diagnosis (2%). The
Lichtman analysis was comparable, with CHF/cardiomy-
opathy observed in 5-11% of patients and prior MI in 1-
5%, depending on cancer type.4 In our analysis, EF assess-
ment was done on a routine basis for most patients prior
to planned receipt of an anthracycline during induction
chemotherapy, even though most cardiac toxicity is only
seen after high cumulative anthracycline doses.14 EF eval-
uation can be expensive and can delay the initiation of
life-saving chemotherapy, and these results suggest that it
is unnecessary more often than not.15 In contrast, a previ-
ous analysis of 97 randomized controlled trials in hema-
tologic malignancies, not limited to AML and MDS,
determined that cardiac eligibility criteria were signifi-
cantly associated with observed adverse events in a way
that hepatic and renal eligibility criteria were not.16
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Table 2. Univariate associations between ineligibility and overall sur-
vival.
Factor                                                 N (%)      HR (95% CI)          P

No ineligible characteristic                   220 (60)      Reference              -
1 ineligible characteristic                       106 (29)  1.68 (1.26, 2.25)     <0.001
2 ineligible characterisics                        31 (9)    2.12 (1.34, 3.34)      0.0013
3 ineligible characteristics                        7 (2)       2.26 (1, 5.14)         0.051
No ineligible characteristic                   220 (60)      Reference              -
1 or more ineligible characteristic      144 (40)  1.79 (1.37, 2.33)     <0.001
HR: Hazard ratio; CI: Confidence Interval.

Table 3. Univariate associations between baseline characteristics and
ineligibility. Median (range) or numbers (N) (%) reported for summary.
Factor                                           No ineligible      1 or more           P
                                                    characteristic     ineligible
                                                        (n=220)     characteristics 
                                                                                (n=144)                          

2014                                                             68 (31)                42 (29)              0.77
2015                                                             76 (35)                55 (38)                 
2016                                                             76 (35)                47 (33)                 
Female                                                       98 (45)                52 (36)              0.13
Male                                                           121 (55)               91 (64)                 
De novo                                                     135 (61)               45 (31)           <0.001
Secondary                                                  85 (39)                99 (69)                 
Favorable cytogenetic risk                     12 (5)                   7 (5)                0.96
Intermediate cytogenetic risk             134 (61)               86 (60)                 
Adverse cytogenetic risk                       67 (30)                45 (31)                 
Unknown cytogenetic risk                       7 (3)                    6 (4)                   
TRM score                                                4 (0, 73)              6 (0, 73)          <0.001
High intensity therapy                           143 (65)               69 (48)            0.0035
Intermediate intensity therapy            31 (14)                28 (19)                 
Low intensity therapy                             46 (21)                47 (33)                 
Alive past day 28                                      209 (96)              130 (92)             0.06
Died on or before day 28                         8 (4)                   12 (8)                  
CR without MRD                                     121 (55)               54 (38)             0.014
CR with MRD                                            24 (11)                17 (12)                 
CRi/CRp with or without MRD              28 (13)                23 (16)                 
Refractory                                                 34 (15)                35 (24)
Missing                                                        13 (6)                 15 (10)                 
TRM: treatment-related mortality; CR: complete remission; CRi: CR with incomplete
neutrophil recovery; CRp: CR with incomplete platelet recovery; MRD: measurable
residual disease, as detected by multiparameter flow cytometry. 



Cardiac eligibility criteria may act as a surrogate for other
co-morbidities and may predict toxicity, but the authors
of that study conclude that exclusion criteria are often too
broad and not applicable.
In our analysis, patients with at least one ineligible

characteristic had significantly worse survival than
patients with no ineligible characteristic (HR 1.79, 95%
CI: 1.37-2.33; Table 4). It is likely that all the criteria used
to determine ineligibility are not equally unfavorable.
Optimally, our models would analyze each criterion sep-
arately, rather than combining them together as in this
study. However, estimating the contribution of individual
ineligibility characteristics would require a larger patient
cohort. Our finding that ineligibility is associated with
decreased survival suggests that standard clinical trial cri-
teria may identify a population of patients with better
outcomes following treatment; improved responses and

survival have also been demonstrated in an “on study”
population when the same induction regimen was
administered to patients both on and off clinical trial at
our center and in a national population-based cohort
study from Denmark.17,18 These findings contrast some
with the Statler analysis of AML patients, which did not
identify significant differences in response or survival
based on comorbidities other than liver disease and organ
dysfunction.6 In the future, evaluation of other factors
including travel distance, social support, and frailty level
could provide a more nuanced picture of eligibility.
Before performing our analysis, we believed ineligibili-

ty would be associated with worse outcomes largely
because of its association with early death, or 28-day
TRM, based on the sharp decline in death rate after this
28-day period.8 However, though ineligible patients had
higher TRM scores and would be more likely to incur
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Figure 1. Kaplan-Meier plot for survival comparing patients with
no ineligible characteristic (n=220) to those with one or more inel-
igible characteristics (n=144).  

Table 4. Multivariable Cox regression model with time-dependent transplant variable.
Covariate                                                                                              HR                                                95% CI                                                 P

Transplant (ref = no transplant)                                                                       0.67                                                       (0.49, 0.93)                                                      0.016
Male (ref = female)                                                                                              1.15                                                       (0.87, 1.15)                                                       0.33
Secondary AML (ref = de novo)                                                                           1                                                         (0.75, 1.32)                                                         1
Intermediate cytogenetic risk (ref = favorable)                                           1.97                                                       (0.86, 4.52)                                                       0.11 
Adverse risk (ref = favorable)                                                                            3.29                                                        (1.4, 7.73)                                                      0.0063
Unknown risk (ref = favorable)                                                                         2.97                                                       (0.99, 8.95)                                                      0.052
Age (years)                                                                                                              1.02                                                       (1.01, 1.04)                                                    <0.001
Intermediate intensity therapy (ref = high intensity)                                  2.08                                                         (1.44, 3)                                                       <0.001
Low intensity (ref = high intensity)                                                                  1.09                                                       (0.77, 1.54)                                                       0.63
Not on study (ref = on study)                                                                            1.13                                                       (0.86, 1.49)                                                       0.37
One or more ineligible factors (ref = no ineligible factors)                      1.45                                                       (1.08, 1.93)                                                      0.012
AML: acute myeloid leukemia; TRM: treatment-related mortality; HR: hazard ratio; CI: Confidence Interval; ref: reference.



TRM,8 the difference in TRM between eligible and ineli-
gible patients was small when contrasted with the much
greater differences in survival. This suggests much of the
survival difference reflected the considerably higher rate
of CR without MRD in eligible patients (55% vs. 38%),
since achievement of CR without MRD is associated
with longer survival.19 Since cytogenetic risk was similar
in eligible and ineligible patients and since none of our
ineligibility criteria are known to be associated with
resistance to therapy, another explanation is needed for
this higher CR without MRD rate. One possibility is the
much less frequent use of intense induction in ineligible
patients. Ineligible patients were also much less likely to
receive allogeneic HCT. Hence while electing not to give
ineligible patients intense induction may reduce TRM,
this effect may be considerably less than the entailed loss
of efficacy (e.g., decreased rate of CR without MRD) and
resultant loss of ability to receive HCT.
Most patients with AML are given standard treatment

(off trial) in community centers. An important question is
whether the effect of “ineligibility” is the same in com-
munity and academic centers. Patients treated in commu-
nity centers are older, have more comorbidities, and trav-
el less distance for treatment than those at academic cen-
ters.20 Although after accounting for these factors survival
remained better in academic centers, the negative effect
of covariates such as comorbidities and shorter distance
traveled was similar in both settings, suggesting that the
effect of ineligibility is similar in community and academ-
ic centers. Nonetheless, the pre-selection of patients
inherent in a retrospective study from an academic med-
ical center undoubtedly adds to the effect of ineligibility
in evaluating the relevance of clinical trial outcomes.
As noted in the results, many of the patients entered on

trials at our center would have been ineligible for typical
trials. The lack of a linkage between participation in a trial
and fulfillment of standard eligibility criteria may partial-
ly explain the failure of our trials to improve survival,
although the trials themselves may have been at fault.
Though participation in clinical trials is encouraged, it is
also true that not all trials lead to improved outcomes for
patients. Patients with characteristics that make them
ineligible for most trials may be the very population who
would benefit most from novel therapies that are avail-
able only within the context of a trial. Additionally,
improvements in supportive care over time will benefit

all patients, regardless of eligibility. Investigators at MD
Anderson Cancer Center published the results of a clinical
trial for patients with AML and MDS who were by defi-
nition not eligible for standard clinical trials,21 but we are
not aware of any other similar studies either completed
or enrolling. Future studies with broader inclusion criteria
could also include a “correction factor” to help compen-
sate for the expected worse outcomes of patients who
would not meet standard eligibility. The recent Food and
Drug Admistration approvals in the AML arena have
changed the landscape of treatment options, but the real
world use of these drugs may not mimic the cohort stud-
ied in the clinical trials leading to approval.
Even the possibility of less benefit for “ineligible”

patients may not be sufficient justification for their con-
tinued exclusion from trials. For many patients with
AML, standard treatment is unsatisfactory. Hence, once
properly informed, many patients would prefer to enroll
on trials rather than receive standard therapy. Extended
to many cancers, this fact underlies the “right-to-try”
movement. We understand patients are often ineligible
for trials because the trials’ sponsors realize inclusion
would lead to less encouraging results, harming chances
for regulatory approval. A possible means to reconcile
the interests of patients and of sponsors would be to
make regulatory approval of new drugs might be made
conditional on subsequent conduct of trials in patients
underrepresented in the trials prompting initial approval,
thus potentially increasing the applicability of results to
the substantial numbers of patients currently considered
“ineligible.” 
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The FMS-like tyrosine kinase 3-internal tandem duplication (FLT3-ITD)
mutation in acute myeloid leukemia (AML) is associated with poor
prognosis. We hypothesized that quizartinib, a selective and potent

FLT3 inhibitor, with azacitidine (AZA) or low-dose cytarabine (LDAC)
might improve the outcomes in patients with FLT3-ITD-mutated AML. In
this open-label phase I/II trial, patients of any age receiving first-salvage
treatment for FLT3-ITD AML or age >60 years with untreated myelodys-
plastic syndrome or AML were treated with quizartinib plus AZA or LDAC.
Seventy-three patients were treated (34 frontline, 39 first salvage). With
regard to previously untreated patients, the composite response (CRc) rate
was 87% (n=13/15: 8 complete responses [CR], 4 CR with incomplete
hematologic recovery [CRi], 1 CR without platelet recovery [CRp]) among
the patients treated with quizartinib/AZA and 74% (n=14/19: 1 CR, 8 CRi,
5 CRp) among those treated with quizartinib/LDAC. The median overall
survival was 19.2 months for the cohort treated with quizartinib/AZA
cohort and 8.5 months for the patients treated with quizartinib/LDAC; the
corresponding relapse-free survival figures were 10.5 and 6.4 months,
respectively. With regard to previously treated patients, the CRc rate was
64% (n=16/25 in the quizartinib/AZA cohort and 29% (n=4/14)) in the
quizartinib/LDAC cohort. The median overall survival for patients treated
with quizartinib/AZA and quizartinib/LDAC was 12.8 versus 4 months,
respectively. QTc prolongation grade 3 occurred in only one patient in each
cohort. Quizartinib-based combinations, particularly with AZA, appear
effective in both frontline and first salvage therapy for patients with 
FLT3-ITD-mutated AML and are well tolerated. ClinicalTrials.gov identifier:
NCT01892371.
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ABSTRACT

Introduction

One of the most common types of genetic alterations in acute myeloid leukemia
(AML) are mutations in the FMS-like tyrosine kinase 3 (FLT3) gene, which occurs in
approximately 30% of all newly diagnosed AML cases.1 Internal tandem duplica-
tions (ITD) are the most frequent FLT3 mutations, occurring in about 20% to 30%
of patients with AML.2,3 FLT3-ITD mutations confer an adverse prognosis in patients



treated with standard chemotherapy.4-6 Several tyrosine
kinase inhibitors, such as lestaurtinib, sunitinib, sorafenib,
and midostaurin, have been investigated in patients with
FLT3-ITD-mutated AML.2,7-10 Of them, the Food and Drug
Administration (FDA) has approved only midostaurin in
combination with standard chemotherapy for the treat-
ment of patients with FLT3-mutated AML.11 Next-genera-
tion tyrosine kinase inhibitors, such as gilteritinib and
quizartinib, used as single agents have greater
antileukemic activity because of their complete FLT3
kinase inhibition.2,12 
Quizartinib is a type II inhibitor that specifically targets

the inactive conformation of the FLT3 kinase domain.13
This selective affinity makes it active only against 
FLT3-ITD mutations, whereas type I inhibitors are active
against both FLT3-ITD and tyrosine kinase domain muta-
tions. Quizartinib and gilteritinib have been reported to
have significant clinical activity in patients with 
FLT3-mutated refractory/relapsed (R/R) AML.14,15 The
QuANTUM-R trial showed a significant improvement in
survival of patients with FLT3-ITD AML who received
first salvage therapy with quizartinib compared to the sur-
vival of those given standard chemotherapy.16 The FDA
recently approved gilteritinib for the treatment of patients
with FLT3-mutated R/R AML.17 Azacitidine (AZA), a
hypomethylating agent, and cytarabine are standard
agents for the treatment of AML in patients not eligible for
standard chemotherapy. It has been suggested that combi-
nations of AZA with FLT3 inhibitors (sorafenib, midostau-
rin) produce higher response rates compared to those
expected with FLT3 inhibitors given as single agents.18-21
Here we describe the results of a phase I/II, open-label,

single-institution study that assessed the efficacy and safe-
ty of quizartinib plus AZA (quizartinib/AZA) and quizar-
tinib plus low-dose cytarabine (LDAC, quizartinib/LDAC)
in previously untreated elderly patients with AML, or
patients with R/R AML at first salvage.

Methods

Study design
This was a single-institution phase I/II, two-arm, open-label

study. The primary objective of the phase I part of this study was
to assess the safety and determine the dose-limiting toxicity and
maximum-tolerated dose of these combinations. The primary
objective of the phase II portion of the study was to determine the
efficacy of the combination of quizartinib with either AZA or
LDAC in patients with AML or high-risk myelodysplastic syn-
drome. Secondary objectives of phase I included assessment of the
efficacy of the treatment regimens. Secondary objectives of phase
II included a determination of the safety of the quizartinib-based
combinations. All patients signed an informed consent form
approved by the Institutional Review Board. The study was con-
ducted in accordance with the Declaration of Helsinki and regis-
tered with the. ClinicalTrials.gov identifier, NCT01892371.
AZA (75 mg/m2/day) was administered subcutaneously or

intravenously once daily, and LDAC (20 mg flat dose) was admin-
istered subcutaneously twice daily for the first 7 days and 10 days
of every 28-day cycle, respectively. The decision of whether to use
AZA or LDAC was based on the treating physician’s choice. In
both regimens quizartinib was administered orally daily for 28
days of every cycle except for the first cycle, in which it was start-
ed on day 5 of the cycle. The first six patients in both the AZA and
LDAC cohorts received quizartinib at the target dose of 60

mg/day to determine tolerability (i.e., run-in phase). According to
the study design, if one or no patient experienced dose-limiting
toxicity at this dose, this would be used as the recommended
phase II dose. There were no attempts to explore higher doses of
quizartinib. If two or more patients experienced dose-limiting tox-
icity at this dose, a reduced dose level of 30 mg/day was to be
explored. Dose-limiting toxicity, defined as any grade ≥3 non-
hematologic toxicity at least possibly related to quizartinib or pro-
longed myelosuppression for ≥6 weeks without evidence of
leukemia, was not identified in any of the first six patients treated
with each combination. Thus 60 mg/day was used in all patients
in the phase II part of the study. The use of hydroxyurea was
allowed during the first cycle only. Intrathecal chemotherapy was
allowed if clinically indicated.
For the phase I part of the study (run-in phase) only, patients

with wild-type (WT)-FLT3 were eligible. All patients with FLT3-
WT were to receive quizartinib/AZA. However, one patient with
a history of FLT3-ITD was enrolled in the quizartinib/LDAC
cohort, although FLT3-ITD was not detected at the time of enroll-
ment. Only patients with FLT3-ITD were eligible for the phase II
part of the study.

Patients
Patients with myelodysplastic syndrome, or AML (excluding

acute promyelocytic leukemia) meeting at least one of the follow-
ing criteria were eligible: age ≥18 years with R/R disease who had
received no more than one prior treatment regimen; or age ≥60
years with previously untreated disease considered not suitable
for intensive chemotherapy. Eastern Cooperative Oncology
Group Performance Status ≤2 and adequate organ function were
required.
Exclusion criteria included other malignancies concurrent or in

remission for <6 months prior to enrollment, or clinically active
central nervous system leukemia. Patients whose QTc interval,
calculated using the Fridericia correction factor (QTCF), was >450
ms at screening were excluded.

Tolerability and safety assessments
All patients who received at least one dose of any of the treat-

ment were evaluable for toxicity. Physical examination, complete
blood count, and biochemical analyses were performed at baseline
and throughout the study. Electrocardiograms were recorded at
screening and on days 1, 5, 8, and 12 (before treatment on days 1,
5, and 8; 2-6 hours after treatment on days 5 and 12). Triplicate
electrocardiograms were obtained for the first three cycles.

Response to treatment
Bone marrow aspirations and/or biopsies were performed

between days 21 and 35 of cycle 1, and every one to three cycles
thereafter (monthly until remission, then no later than every 3
months). All patients who received at least one dose of therapy
were included in the intention-to-treat (ITT) analysis for response
to therapy; patients who completed a full course of treatment
(AZA for 7 days or LDAC for 10 days, and quizartinib for 24 days
in cycle 1) were evaluable for response in the per-protocol analy-
sis. Responses were defined according to the International
Working Group 2003 criteria.22 The composite response (CRc) rate
was determined based on the sum of the complete responses (CR),
CR with incomplete hematologic recovery (CRi), CR without
platelet recovery (CRp) and CR with partial hematologic recovery
(CRh). Measurable residual disease (MRD) was assessed by multi-
color flow cytometry with a sensitivity of 0.01%.

Statistical analyses
Safety was monitored closely using the method of Thall et al.23
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Categorical variables were tabulated with their frequencies, and
continuous variables were summarized with descriptive statistics.
The Fisher exact test, Wilcoxon rank-sum test, and logistic regres-
sion model were applied to evaluate the association of response
and covariates. The log-rank test and Cox proportional hazards
models were used to evaluate the association between overall sur-
vival or relapse-free survival with covariates. Survival probabilities
were calculated by the Kaplan-Meier method. Comparisons of
survival endpoints between the two treatment cohorts are
descriptive in nature only as the study was not powered to iden-
tify statistical significance. The statistical computations were per-
formed using SAS 9.4 (SAS Institute Inc., Cary NC, USA), S-Plus
software v8.2 (TIBCO, Palo Alto, CA, USA), and GraphPad Prism
7 (GraphPad Software, Inc., La Jolla, CA, USA).

Results

Patients’ characteristics
A total of 73 patients were treated (Figure 1); 34 patients

were treated frontline and 39 in a first salvage setting.
Fifteen patients received quizartinib/AZA, and 19 received
quizartinib/LDAC as frontline treatment. The median age
was 75 years (range, 64-82 years) and 70 years (range, 58-
80 years), respectively (Table 1). Most patients in both
cohorts had adverse-risk genetics according to the
European LeukemiaNet 2017 classification. All patients
were assessed for mutations, using an 81-gene panel,
before the start of treatment. The most frequent co-exist-
ing mutations were DNMT3A (32%), RUNX1 (29%),
NPM1 (27%), TET2 (18%), and TP53 (6%). 
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Figure 1. CONSORT flow diagram. AZA: azacitidine; LDAC: low-dose cytarabine; ITT: intention-to-treat. 



Of the 39 patients with R/R AML, 25 patients (64%)
were treated with quizartinib/AZA and 14 (36%) with
quizartinib/LDAC. Their median age was 59 years (range,
24-76 years) and 70 years (range, 54-84 years), respective-
ly. Prior to receiving quizartinib, three (12%) patients in
the quizartinib/AZA cohort and seven (50%) in the
quizartinib/LDAC cohort had received other FLT3
inhibitors, including sorafenib (n=7), crenolanib (n=2), and
midostaurin (n=1). Similarly, five (13%) patients had
received prior therapy with AZA for AML and four (10%)
for the treatment of a prior myelodysplastic syndrome.

Mutation data (from the 81-gene panel) were not available
for four patients in the quizartinib/AZA cohort and two in
the quizartinib/LDAC cohort. Among the 33 patients with
available molecular information, the most common co-
existing mutations were NPM1 (36%), DNMT3A (36%),
TET2 (21%), WT1 (15%), IDH2 (15%), IDH1 (12%), and
TP53 (6%). 

Response to therapy
All 73 patients received at least one dose of study treat-

ment and were included in the ITT analysis. Among them,
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Table 1. Baseline characteristics of all study patients (n=73).
Patients’ characteristics                                                    Frontline                                                            Relapsed/Refractory
                                                                Overall             Quizartinib/    Quizartinib/LDAC         Overall             Quizartinib/         Quizartinib/
                                                                (n=34)                    AZA                    (n=19)                  (n=39)                    AZA                     LDAC
                                                                                            (n=15)                                                                          (n=25)                  (n=14)
                                                                                                                               N (%) or [range] 

Median age, years                                         72 [58-82]               75 [64-82]               70 [58-80]               65 [24-84]               59 [24-76]               70 [54-84]
Male                                                                     20 (59)                      9 (60)                      11 (58)                     21 (54)                     13 (52)                      8 (57)
ECOG-PS                                                                                                                                       
    0-1                                                                     27 (79)                     13 (87)                     14 (74)                     29 (74)                     20 (80)                      9 (64)
    2                                                                          7 (21)                       2 (13)                       5 (26)                      10 (26)                      5 (20)                       5 (36)

AMLa                                                                    33 (97)                     14 (93)                    19 (100)                   39 (100)                   25 (100)                   14 (100)
MDS                                                                       1 (3)                         1 (7)                             0                                0                                0                                0
Prior FLT3 inhibitors
    Sorafenib                                                              0                                0                                0                            7 (18)                       3 (12)                       4 (29)
    Midostaurin                                                          0                                0                                0                             2 (5)                             0                           2b (14)
    Crenolanib                                                            0                                0                                0                             1 (3)                             0                             1 (7)
ELN risk stratification groupc                                                                                                   
    Favorable                                                          2 (6)                             0                            2 (11)                        2 (5)                         1 (4)                         1 (7)
    Intermediate                                                  11 (32)                      4 (27)                       7 (37)                      25 (64)                     17 (68)                      8 (57)
    Adverse                                                           21 (62)                     11 (73)                     10 (53)                     12 (31)                      7 (28)                       5 (36)

FLT3 status                                                                                                                                    
    FLT3-WT                                                                0                                0                                0                             3 (8)                         2 (8)                        1d (7)
    FLT3-ITD+                                                       34 (100)                   15 (100)                   19 (100)                    35 (90)                     22 (88)                     13 (93)
    Ratio < 0.5                                                      12 (35)                      5 (33)                       7 (37)                      16 (41)                     10 (40)                      6 (43)
               ≥ 0.5                                                      22 (65)                     10 (67)                     12 (63)                     19 (49)                     12 (48)                      7 (50)
    Median FLT3-ITD allelic ratio              0.71 [0.01-5.4]        0.86 [0.02-5.4]        0.62 [0.01-2.4]        0.69 [0.01-3.7]        0.72 [0.01-3.7]        0.69 [0.07-1.2]
    FLT3-TKD+ only                                                                                                                                                       1 (3)                         1 (4)                             0
    Both FLT3-ITD+ & TKD+                                2 (6)                         1 (7)                         1 (5)                         3 (8)                         1 (4)                        2 (14)
Other frequent mutationse                                                                                                       
    DNMT3A                                                          11 (32)                      7 (47)                       4 (21)                      12 (36)                      9 (43)                       3 (25)
    RUNX1                                                              10 (29)                      5 (33)                       5 (26)                       4 (12)                        1 (4)                        3 (25)
    NPM1                                                                 9 (27)                       2 (13)                       7 (37)                      12 (36)                     10 (48)                      2 (17)
    TET2                                                                   6 (18)                       2 (13)                       4 (21)                       7 (21)                       3 (14)                       4 (33)
    TP53                                                                    2 (6)                             0                            2 (11)                        2 (6)                         1 (4)                         1 (7)

Laboratory values, median
    Bone marrow blasts, %                             56 [15-97]               56 [15-84]               60f [17-97]                65 [6-98]                 70 [6-98]                49 [21-86]
    WBC, 109/L                                                   6.1 [1.1-42]               8 [1.2-42]               3.3 [1.1-21]             5.3 [0.5-61]            5.2 [0.5-53.4]            5.4 [0.9-61]
    Hemoglobin, g/dL                                      9.1 [7-11.4]             9.1 [7.7-10]               9 [7-11.4]             9.4 [7.6-12.8]          9.5 [7.6-12.7]          9.2 [7.7-12.8]
    Platelets, 109/L                                            34 [7-377]              54 [14-377]               31 [7-75]                25 [4-454]                22 [4-99]               25 [12-454]
AZA: azacitidine; LDAC: low-dose cytarabine; ECOG-PS: Eastern Cooperative Oncology Group-Performance Status; AML: acute myeloid leukemia; MDS: myelodysplastic syn-
dromes; ELN: European LeukemiaNet; ITD: internal tandem duplication; TKD: tyrosine kinase domain; WBC: white blood cells. aSix patients in the AZA and 12 in the LDAC cohort
treated frontline had secondary AML. Three patients each in both the AZA and LDAC cohorts given with first salvage therapy had secondary AML. bOne patient who received
LDAC was treated with both sorafenib and midostaurin prior to quizartinib. cClassified according to the European LeukemiaNet 2017. dOne patient had a prior FLT3-TKD muta-
tion that was negative at the time of starting treatment. eThe 81-gene panel was not used for mutational analysis prior to starting treatment in four patients given first salvage treat-
ment with AZA and two given LDAC. fTwo patients were diagnosed based on circulating blast percentages of 22% and 25%.



70 (38 in the quizartinib/AZA cohort, 32 in the quizar-
tinib/LDAC cohort) completed at least one cycle of study
treatment and were included for per-protocol response
assessment. Three patients were not evaluable for per-
protocol response: one proceeded to a stem-cell transplant
(SCT) after 14 days of treatment, one developed atrial fib-
rillation on day 4 (prior to receiving quizartinib), and one
died early on day 7 of multi-organ failure secondary to
sepsis from an unknown organism. Among the ITT popu-
lation treated frontline, the CRc rate (CR + CRi + CRp +
CRh) was 87% (n=13/15 patients: 8 CR, 4 CRi, 1 CRp)
(Table 2) in those treated with quizartinib/AZA and 74%
(n=14/19 patients: 1 CR, 8 CRi, 5 CRp) in those treated
with quizartinib/LDAC. The per-protocol response data
are shown in Table 3. The median duration of response
(time from best response to death/disease

progression/date of SCT or last follow-up/off treatment)
was 4.2 months (range, 0.2 - 30 months) among patients
treated with quizartinib/AZA and 3.7 months (range, 0.2 -
17 months) among those treated with quizartinib/LDAC.
Among responders, MRD was assessed in 11 patients
(85%) in the quizartinib/AZA cohort and 12 (86%) in the
quizartinib/LDAC cohort. MRD was undetectable in five
(45%) patients treated with quizartinib/AZA and three
(25%) with quizartinib/LDAC (excluding patients who
achieved MRD-negative status following SCT). Four
patients (29%) treated with quizartinib/AZA and one
(6%) with quizartinib/LDAC proceeded to SCT after
achieving CRc. MRD was assessed in all responders
before SCT, and only one of them (treated with quizar-
tinib/AZA) was MRD-negative before undergoing the
transplant. With regard to the ITT population with R/R
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Table 2. Summary of responses in the intention-to-treat population (n=73).
                                                                                           Frontline                                                             Relapsed/Refractory
Responses                                               Overall            Quizartinib/         Quizartinib/             Overall            Quizartinib/         Quizartinib/
                                                                (n=34)                    AZA                     LDAC                   (n=39)                    AZA                     LDAC
                                                                                            (n=15)                  (n=19)                                              (n=25)                  (n=14)
                                                                                                                                       N (%)

CR                                                                         9 (26)                       8 (53)                        1 (5)                         3 (8)                         2 (8)                         1 (7)
CRi                                                                       12 (35)                      4 (27)                       8 (42)                      14 (36)                     12 (48)                      2 (14)
CRp                                                                       6 (18)                        1 (7)                        5 (26)                        3 (8)                         2 (8)                         1 (7)
CRc                                                                      27 (79)                     13 (87)                     14 (74)                     20 (51)                     16 (64)                      4 (29)
PR                                                                              0                                0                                0                             2 (5)                             0                            2 (14)
ORR                                                                     27 (79)                     13 (87)                     14 (74)                     22 (56)                     16 (64)                      6 (43)
NR                                                                         5 (15)                        1 (7)                        4 (21)                      16 (41)                      8 (32)                       8 (57)
AZA: azacitidine; LDAC: low-dose cytarabine; CR: complete response; CRi: CR with incomplete hematologic recovery; CRp: CR without platelet recovery; CRh: CR with partial
hematologic recovery; CRc: composite response rate (CR+CRi+CRp); PR: partial response; ORR: overall response rate (CRc+PR); NR:, no response.

Table 3. Summary of responses in evaluable patients*(n=70).
                                                                                               Frontline                                                                Relapsed/Refractory
Responses                                                      Quizartinib/AZA               Quizartinib/LDAC               Quizartinib/AZA               Quizartinib/LDAC
                                                                              (n=14)                                (n=18)                                (n=24)                                (n=14)
                                                                                                                                      N (%) or [range]

CR                                                                                          8 (57)                                         1 (6)                                          2 (8)                                          1 (7)
CRi                                                                                         4 (29)                                        8 (44)                                       12 (50)                                       2 (14)
CRp                                                                                         1 (7)                                         5 (28)                                         2 (8)                                          1 (7)
CRh                                                                                             0                                                 0                                                 0                                                 0
CRc                                                                                       13 (93)                                      14 (78)                                      16 (67)                                       4 (29)
PR                                                                                               0                                                 0                                                 0                                             2 (14)
ORR                                                                                      13 (93)                                      14 (78)                                      16 (67)                                       6 (43)
NR                                                                                           1 (7)                                         4 (22)                                        8 (33)                                        8 (57)
Time to best response, months                                3.2 [0.9-6.3]                               1.5 [0.9-3]                                1 [0.9-4.8]                                1 [0.9-8.7]
Duration of responseb, months                                 4.2 [0.2-30]                              3.7 [0.2-17]                             2.5 [0.1-19.4]                            2.4 [0.5-7.2]
MRDc

    MRD assessed in responders                                    11 (85)                                      12 (86)                                      13 (81)                                       3 (50)
    MRD negatived                                                                 5 (45)                                        3 (25)                                        6 (46)                                        2 (67)
      CR                                                                                    4 (80)                                        1 (33)                                        1 (17)                                        1 (50)
       CRi                                                                                   1 (20)                                        1 (33)                                        5 (83)                                        1 (50)
       CRp                                                                                      0                                             1 (33)                                             0                                                 0
Time to MRD negativity prior to SCT, months         4.7 [1-5.9]                                0.9 [0.9-3]                                2 [0.9-4.8]                               1.4 [0.9-1.9]
AZA: azacitidine; LDAC: low-dose cytarabine; CR: complete response; CRi: CR with incomplete hematologic recovery; CRp: CR without platelet recovery; CRh: CR with partial
hematologic recovery; CRc: composite response rate (CR+CRi+CRp+CRh); PR: partial response; ORR: overall response rate (CRc+PR); NR:, no response; MRD: minimal residual
disease; SCT: stem cell transplantation. aOnly patients who completed at least one course of study treatment were included in the per-protocol response assessment (1 patient
in the AZA cohort died early and 1 in each cohort did not complete a course of study treatment due to SCT in 1 case and atrial fibrillation in the other). bPatients proceeded
to SCT were censored at the date of SCT. One patient treated frontline in quizartinib/LDAC and as first salvage in quizartinib/AZA cohort has an ongoing response. cMRD was
assessed by multicolor flow cytometry. dCensored patients who achieved MRD negativity after SCT in the group treated frontline (n=4; AZA – 3, LDAC -1) and in those with
relapsed/refractory disease (AZA – 3).



AML, CRc was observed in 64% (n=16 patients: 2 CR, 12
CRi, 2 CRp) of the quizartinib/AZA cohort and 29% (n=4
patients: 1 CR, 2 CRi, 1 CRp) in the quizartinib/LDAC
cohort (Table 2). The per-protocol response data are
shown in Table 3. The median duration of response was
2.5 months (range, 0.1 - 19.4 months) among the patients
treated with quizartinib/AZA and 2.4 months (range, 0.5 -
7.2 months) among those treated with quizartinib/LDAC.
Six patients (25%) in the quizartinib/AZA cohort and one
(7%) in the quizartinib/LDAC cohort received SCT after
achieving CRc. Among the three patients previously
exposed to FLT3 inhibitors and treated with
quizartinib/AZA, two achieved a CRi and one a CRp
(prior sorafenib). Similarly, two of seven (29%) such
patients treated with quizartinib/LDAC had responses:
one achieved a CRi and one had a PR (prior sorafenib).
One of the four patients with prior exposure to AZA for
AML achieved a CR with quizartinib/AZA.

Survival
At a median follow-up of 55.1 months (range, 0.2 - 65.2

months), 12 (16%) patients remain alive (8 [20%] in the

quizartinib/AZA cohort and 4 [12%] in the
quizartinib/LDAC cohort). The median overall survival
for all patients treated frontline was 12.4 months. With
the caveat that the study was not powered to determine a
survival benefit, the median overall survival was longer in
patients treated frontline with quizartinib/AZA than in
those treated with quizartinib/LDAC (19.2 vs. 8.5 months,
respectively; P=0.036) (Figure 2). The median relapse-free
survival for all patients treated frontline in this trial was 8
months: it was longer for patients treated with quizar-
tinib/AZA compared to those treated with
quizartinib/LDAC (10.5 vs. 6.4 months, respectively;
P=0.044) (Figure 2). Patients with R/R AML had a median
overall survival of 6.2 months, with a trend to longer over-
all survival for those treated with quizartinib/AZA (12.8
vs. 4 months, P=0.053). There was no difference in the
median relapse-free survival between the two treatment
groups (overall, 5.8 months; 5.8 vs. 6.2 months by treat-
ment arm, respectively; P=0.804) (Figure 3). We did not
find any specific factors that significantly influenced CRc
or survival in either the frontline or R/R treatment settings
in the two cohorts (Online Supplementary Figures S1 and S2,
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Figure 2. Survival of patients with 
FLT3-ITD+ acute myeloid leukemia treated
frontline with quizartinib in combination with
azacitidine or low-dose cytarabine. (A) Overall
survival. (B) Relapse-free survival. Quiz: quizar-
tinib; AZA: azacitidine; LDAC: low-dose cytara-
bine; mo: months.

A
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Online Supplementary Tables S1-S4). TET2 mutation was
found to have a negative impact on CRc, but only 13/73
patients had a TET2 mutation (Online Supplementary Tables
S5 and S6).
At the last follow-up of all patients, two (5%) in the

quizartinib/AZA cohort and one (3%) in the
quizartinib/LDAC cohort continued to receive study treat-
ment (Table 4). Disease relapse or loss of response was the
most common reason for study discontinuation in both
cohorts. Molecular data at the end of treatment were
available for 41 patients (including data collected using an
81-gene panel in 9 patients). New mutations identified at
the end of treatment included FLT3-D835 (11/41, 27%),
IDH1 (2/9, 22%), RAS (2/11, 18%), and KIT (1/9, 11%)
(Online Supplementary Figure S3). Eleven (28%) patients in
the quizartinib/AZA cohort and two (6%) in the quizar-
tinib/LDAC cohort proceeded to SCT. Three patients
(23%) treated with quizartinib/AZA relapsed after a medi-
an time of 3.2 months (range, 2.7 - 18 months) following
SCT. Seven patients (54%) are alive after SCT without
any evidence of disease (5 treated with quizartinib/AZA
and 2 treated with quizartinib/LDAC). Of the six patients
who died after SCT, three died in CR/CRi/CRp from
multi-organ failure secondary to Klebsiella pneumoniae bac-
teremia, late gastrointestinal graft-versus-host disease, and
an unknown cause, respectively. The three other patients
had relapsed disease and died, one each, from multi-organ
failure secondary to enteroviral pneumonia, intracerebral
hemorrhage, and renal failure.

Safety and dose reduction
The most common treatment-emergent adverse events

are listed in Table 5. Among grade ≥3 adverse events,
febrile neutropenia and pneumonia were frequently
reported in both cohorts. Other common grade ≥3 adverse
events that occurred in the cohort of patients treated with
quizartinib/AZA were hypokalemia (33%), hypotension
(24%), and hypophosphatemia (18%). The median time
to absolute neutrophil count recovery (neutrophils >1 x
109/L) for all cycles in patients treated frontline was 32
days (range, 8 - 125 days): it was 35 days (range, 9 - 125
days in the quizartinib/AZA cohort and 27 days (range, 8
- 68 days in the quizartinib/LDAC cohort. Similarly, the
median time to platelet recovery (platelets >100 x 109/L)
for all cycles was 29 days (range, 7 - 125 days), 30 days
(range, 7 - 125 days) in the quizartinib/AZA cohort and 29
days (range, 25 - 60 days) in the quizartinib/LDAC cohort.
The median times to recovery of absolute neutrophil
count and platelet count were similar in R/R patients.
QTc prolongation was observed infrequently. Only one

(3%) patient had grade 3, and three (9%) patients had
grade 1-2 QTc prolongation in the quizartinib/AZA
cohort, and one (3%) had grade 3 prolongation in the
quizartinib/LDAC cohort (Online Supplementary Figures S4
and S5). One (3%) patient who received quizartinib/AZA
as frontline treatment died early (day 7 of treatment) due
to multi-organ failure secondary to sepsis from an
unknown organism.
A total of nine (23%) patients required a dose modifica-

tion in the quizartinib/AZA cohort. Of them, three
patients received quizartinib for only 7 days, 14 days, and
16 days in the first cycle due to the development of multi-
organ failure, SCT, and febrile neutropenia, respectively.
The quizartinib dose was decreased to 30 mg in six
patients (4 due to grade 3 myelosuppression, 1 due to

grade 2 supraventricular tachycardia, and 1 due to grade 3
QTc prolongation). Similarly, the quizartinib dose was
decreased to 30 mg in three patients (9%) in the quizar-
tinib/LDAC cohort: in two cases due to grade 3 myelosup-
pression and in one case due to grade 3 QTc prolongation.

Discussion

With the limitations of comparisons across studies, the
CRc rates and the median overall survival observed in
patients treated frontline with quizartinib/AZA in this
study seem to compare favorably to what has been report-
ed for similar combinations using other FLT3 inhibitors.
With midostaurin plus AZA, the reported CRc and medi-
an overall survival were 31% and 9 months, respectively.20
Similarly, with sorafenib plus AZA, the CRc and median
overall survival were 70% and 8.3 months, respectively.21
The results with quizartinib/AZA also appear comparable
to the results reported with a hypomethylating
agent/venetoclax24 (CR/Cri: 72% in FLT3-mutated cases;
median overall survival not reached). Although patients
with FLT3 mutations had good responses to 
hypomethylating agents/venetoclax, mutations in FLT3-
ITD constitute one of the mechanisms of acquired resist-
ance to venetoclax in preclinical models,25,26 and have been
reported to emerge in some patients as they develop
resistance to therapy with venetoclax.27 Ongoing clinical
studies are trying to overcome this resistance by adding
FLT3 inhibitors to venetoclax (gilteritinib - NCT03625505
and quizartinib - NCT03735875). 
Quizartinib, as a single agent, was found to produce a

CRc of 48% in patients with R/R AML, who achieved a
median overall survival of 6.2 months.16 Similarly, AZA
monotherapy in R/R AML produced CR/CRi in 16% of
patients, who had a median overall survival of 6.8 months.28
The combination of quizartinib/AZA in our study pro-
duced a CRc of 67% with a median overall survival of 12.8
months in patients with R/R AML. Although no compar-
isons could be made between different studies, higher
response rates and longer survival observed with the com-
bination could perhaps be attributed to a possible synergy
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Table 4. Summary of disposition of all study patients (n=73).
Reasons                                           Quizartinib/AZA Quizartinib/LDAC
                                                                (n=40)                  (n=33)
                                                                               N (%)

Relapse/loss of response                              11 (28)                     11 (33)
Stem cell transplant                                        11 (28)                       2 (6)
Lack of response/disease progression       8 (20)                      10 (30)
Deatha                                                                  6 (15)                       4 (12)
Continuing treatment                                        2 (5)                         1 (3)
Patient’s choiceb                                                 1 (3)                         1 (3)
Lost to follow-up                                                1 (3)                         1 (3)
Infection/toxicityc                                                   0                             3 (9)
AZA: azacitidine; LDAC: low-dose cytarabine. aOf six patients in the AZA cohort who
died, one died early, two died in complete response with incomplete hematologic
recovery (CRi), two in complete response (CR) and one without response. In the LDAC
cohort, four patients died: one in CR without platelet recovery, one in CRi, one with a
partial response and one with no response. bOne patient in the AZA cohort chose to
be treated at a different institution and one in the LDAC cohort chose to discontinue
treatment for financial reasons. cOne patient each discontinued treatment due to atrial
fibrillation and meningitis. One additional patient developed atrial fibrillation prior to
receiving quizartinib and was taken off study. 



between quizartinib and AZA. Similarly, in phase II studies,
quizartinib monotherapy showed some activity in patients
with FLT3-WT AML with a CRc rate of 32%.29 Our study
included only three patients with FLT3-WT, who received
quizartinib-based combinations as first salvage treatment
but had no response. Because of the paucity of patients, no
conclusion could be made on the clinical activity of quizar-
tinib in combination with AZA or LDAC in patients with
FLT3-WT AML. However, based on the reported CRc rate
of 32% with quizartinib monotherapy,14 this approach
deserves further investigation in this subset of patients. 
Prior studies found that point mutations and gatekeeper

mutations (F691L) were the common resistant mutations
that were acquired following quizartinib therapy.30-32 In
this series, FLT3-D835 was acquired at the time of pro-
gression in 27% of patients. This is equivalent to what we
had reported previously with single-agent FLT3 inhibitors,
mostly sorafenib.33 Other mutations encountered at the
time of progression included EZH2 and CREBBP muta-
tions. However, the mutation analysis was somewhat lim-
ited in this study, since mutation data at the time of treat-
ment discontinuation were available for only 41/70 (59%)
patients (Online Supplementary Figure S3). Similarly, after
treatment with gilteritinib, resistance is associated with

the emergence of additional mutations, frequently RAS.
This may represent a selection of clones, often pre-exist-
ing, which emerge as clones with sensitive FLT3 muta-
tions are suppressed by potent FLT3 inhibitors. This sug-
gests that combination therapy would be required to fur-
ther improve the outcome of patients treated with FLT3
inhibitors. The higher rate of response and more durable
responses seen in the present study compared to what has
been reported with quizartinib monotherapy are encour-
aging and merit further investigation. 
Like quizartinib monotherapy, quizartinib at a dose of

60 mg in combination with AZA or LDAC was very well
tolerated. QTc prolongation was infrequent with only two
patients developing grade 3 prolongation and requiring a
decrease in quizartinib dose to 30 mg. Overall, therapy
was well tolerated by our patients in both the cohorts. 
As previously reported, a higher FLT3-ITD allelic ratio

was found to correlate with the rate of CRc in patients
receiving frontline therapy, although the optimal cut point
for the ratio was at 0.5 rather than the 0.7 that had been
previously proposed. However, no such correlation could
be identified for survival. There were no significant corre-
lations between allelic ratio and responses or survival in
the salvage cohort (Online Supplementary Figure S6 and
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Figure 3. Survival of patients with FLT3-
ITD+ relapsed/refractory acute myeloid
leukemia given first salvage treatment
with quizartinib in combination with
azacitidine or low-dose cytarabine. (A)
Overall survival. (B) Relapse-free sur-
vival. Quiz: quizartinib; AZA: azacitidine;
LDAC: low-dose cytarabine; mo: months.

A

B



Online Supplementary Table S5). Recently, Levis and his col-
leagues showed that among patients with FLT3-mutated
R/R AML treated with gilteritinib monotherapy, patients
with NPM1 co-mutation had significantly better survival
outcomes.34 Similarly, NPM1 co-mutation was associated
with non-significantly better CRc rates and longer overall
survival in our R/R patients (Online Supplementary Figure S2
and Online Supplementary Table S4). In general, these asso-
ciations follow the same direction as those found in our
series, but the small number of patients preclude firm con-
clusions. These possible interactions remain to be con-
firmed in larger series.  
In conclusion, our study demonstrated that quizartinib,

in combination with AZA or LDAC, can be administered
safely to patients with FLT3-mutated AML, whether as
initial therapy or as first salvage treatment. Our prelimi-
nary observations suggest that the combination therapy,

particularly with AZA, might improve the probability of
response and the response duration in these patients.
Prospective randomized studies are warranted to validate
our results. 
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Table 5. Incidence of common treatment-emergent adverse events in all patients.
                                                                                      Quizartinib/AZA                                                        Quizartinib/LDAC
Adverse events                                                                     (n=40)                                                                        (n=33)
                                                                  Total                  Grade 1-2          Grade  3-5                 Total                Grade 1-2                   Grade 3-5
                                                                                               N (%)                                                                          N (%)                                                                                                                                 

Non-hematologic toxicities
    Hypomagnesemia                                         27 (68)                      26 (65)                     1 (3)                        10 (30)                    10 (30)                                  0
    Hyperbilirubinemia                                      25 (63)                      19 (48)                    6 (15)                        9 (27)                      8 (24)                                1 (3)
    Hypokalemia                                                   24 (60)                      11 (28)                   13 (33)                       9 (27)                      6 (18)                                3 (9)
    Hypocalcemia                                                 23 (58)                      16 (40)                    7 (18)                        9 (27)                      9 (27)                                   0
    Increased ALT                                                23 (58)                      19 (48)                    4 (10)                       15 (45)                    13 (39)                               2 (6)
    Hyponatremia                                                17 (43)                      12 (30)                    5 (13)                        8 (24)                      5 (15)                                3 (9)
    Febrile neutropenia                                     16 (40)                            0                        16 (40)                      12 (36)                          0                                  12 (36)
    Elevated creatinine                                      13 (33)                      13 (33)                        0                             7 (21)                      7 (21)                                   0
    Hypophosphatemia                                       12 (30)                       5 (13)                     7 (18)                         3 (9)                        2 (6)                                 1 (3)
    Pneumonia                                                      11 (28)                            0                        11 (28)                      19 (58)                      3 (9)                               16 (48)
    Nausea                                                             10 (25)                       9 (23)                      1 (3)                        14 (42)                    12 (36)                               2 (6)
    Fatigue                                                              9 (23)                        8 (20)                      1 (3)                        10 (30)                     7 (21)                                3 (9)
   Diarrhea                                                           8 (20)                        5 (13)                      3 (8)                        13 (39)                    10 (30)                               3 (9)
   Hypoalbuminemia                                          8 (20)                        6 (15)                      2 (5)                         7 (21)                      7 (21)                                   0
   Vomiting                                                           6 (15)                        6 (15)                         0                            10 (30)                     8 (24)                                2 (6)
   Rash                                                                  6 (15)                        4 (10)                      2 (5)                         9 (27)                      8 (24)                                1 (3)
   Hyperkalemia                                                  5 (13)                         3 (8)                       2 (5)                         4 (12)                      4 (12)                                   0
   Lower limb edema                                         5 (13)                        5 (13)                         0                             4 (12)                      4 (12)                                   0
   Generalized weakness                                  5 (13)                        4 (10)                      1 (3)                         5 (15)                       3 (9)                                 2 (6)
   Oral mucositis                                                5 (13)                        4 (10)                      1 (3)                         8 (24)                      7 (21)                                1 (3)
   Anorexia                                                           4 (10)                         3 (8)                       1 (3)                         5 (15)                      5 (15)                                   0
   Constipation                                                    4 (10)                        4 (10)                         0                             5 (15)                      5 (15)                                   0
   Dizziness                                                          4 (10)                        4 (10)                         0                             6 (18)                      5 (15)                                1 (3)
   Abdominal pain                                               4 (10)                         1 (3)                       3 (8)                         8 (24)                      7 (21)                                1 (3)
   Hypotension                                                    4 (10)                         1 (3)                       3 (8)                        12 (36)                     4 (12)                               8 (24)
   Atrial fibrillation                                              2 (5)                              0                          2 (5)                          3 (9)                        2 (6)                                 1 (3)
   Headache                                                          1 (3)                          1 (3)                          0                             6 (18)                       3 (9)                                 3 (9)
   Pleural effusion                                               1 (3)                          1 (3)                          0                             5 (15)                      4 (12)                                1 (3)
   Back pain                                                           1 (3)                          1 (3)                          0                            10 (30)                     9 (27)                                1 (3)
   QTc prolongation                                            1 (3)                              0                          1 (3)                         4 (12)                       3 (9)                                 1 (3)
   Sinus tachycardia                                            1 (3)                              0                          1 (3)                          2 (6)                        2 (6)                                    0
   Sinus bradycardia                                               0                                 0                              0                              3 (9)                        3 (9)                                    0
Hematologic toxicities
    Thrombocytopenia                                         6 (15)                         1 (3)                      5 (13)                       10 (30)                          0                                  10 (30)
   Leukopenia                                                       3 (8)                          1 (3)                       2 (5)                        14 (42)                          0                                  14 (42)
   Neutropenia                                                     3 (8)                          1 (3)                       2 (5)                        14 (42)                          0                                  14 (42)
   Anemia                                                               1 (3)                          1 (3)                          0                             5 (15)                           0                                   5 (15)
   Leukocytosis                                                        0                                 0                              0                              2 (6)                            0                                    2 (6)
AZA: azacitidine; LDAC, low-dose cytarabine; ALT: alanine transaminase.
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Acute graft-versus-host disease (GvHD) causes significant mortality
in patients undergoing allogeneic hematopoietic cell transplanta-
tion. Immunosuppressive treatment for GvHD can impair the

beneficial graft-versus-leukemia effect and facilitate malignancy relapse.
Therefore, novel approaches that protect and regenerate injured tissues
without impeding the donor immune system are needed. Bile acids reg-
ulate multiple cellular processes and are in close contact with the intes-
tinal epithelium, a major target of acute GvHD. Here, we found that the
bile acid pool is reduced following GvHD induction in a preclinical
model. We evaluated the efficacy of bile acids to protect the intestinal
epithelium without reducing anti-tumor immunity. We observed that
application of bile acids decreased cytokine-induced cell death in intes-
tinal organoids and cell lines. Systemic prophylactic administration of
tauroursodeoxycholic acid (TUDCA), the most potent compound in our
in vitro studies, reduced GvHD severity in three different murine trans-
plantation models. This effect was mediated by decreased activity of the
antigen presentation machinery and subsequent prevention of apoptosis
of the intestinal epithelium. Moreover, bile acid administration did not
alter the bacterial composition in the intestine suggesting that its effects
are cell-specific and independent of the microbiome. Treatment of
human and murine leukemic cell lines with TUDCA did not interfere
with the expression of antigen presentation-related molecules. Systemic
T-cell expansion and especially their cytotoxic capacity against leukemic
cells remained intact. This study establishes a role for bile acids in the
prevention of acute GvHD without impairing the graft-versus-leukemia
effect. In particular, we provide a scientific rationale for the systematic
use of TUDCA in patients undergoing allogeneic hematopoietic cell
transplantation. 
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ABSTRACT



Introduction

Allogeneic hematopoietic cell transplantation (allo-HCT)
is a potentially curative treatment for leukemia and lym-
phoma. However, approximately 50% of acute myeloid
leukemia patients develop a malignancy relapse after allo-
HCT.1 One contributing factor is the administration of
immunosuppression as a prophylaxis or treatment for acute
graft-versus-host disease (aGvHD). aGvHD is a severe trans-
plant-associated complication which affects half of all allo-
HCT recipients.2 Compared to other clinical manifestations
of aGvHD, intestinal GvHD causes the highest mortality,
especially if it is refractory to corticosteroid treatment.3 The
pathogenesis of aGvHD is marked by activation of donor T
cells and their expansion and migration to the target organs
liver, skin and gastrointestinal tract where they cause tissue
damage either by direct cytotoxicity or via cytokine secre-
tion. A hallmark of intestinal aGvHD is the damage of
intestinal stem cells (ISC) and Paneth cells.4,5 Recent work
has shown that interferon γ (IFNγ), a cytokine commonly
increased in aGvHD, is responsible for intestinal tissue
damage.6,7 Current approved GvHD prophylaxis strategies
are based on immunosuppressive drugs that deplete T cells
or modulate their activity and cytokine signaling. Novel
developments aiming at regenerating the intestinal epitheli-
um would allow a reduction of broad-spectrum immuno-
suppression and potentially decrease the relapse rates after
allo-HCT. 
There are two main classes of bile acids. Primary bile

acids are generated in the liver via cholesterol catabolism. In
the final step of their synthesis, they are conjugated to the
amino acids glycine and taurine. This step stabilizes their
amphipathic structure that is necessary to keep their full
emulsifying activity in the intestine. After fulfilling their
digestive role, most bile acids (appoximately 90-95%) are
actively taken up by the intestinal epithelial cells and trans-
ported back to the liver.8 Primary bile acids, which are not
re-absorbed, can be converted into secondary bile acids via
modification and metabolization by microbial enzymatic
activity thereby influencing the microbiome composition.9
Bile acids have cytoprotective and anti-apoptotic properties
for hepatocytes10,11 via the preservation of mitochondrial
glutathione.12 Moreover, they modulate the translocation of
apoptosis-regulating proteins BCL-2-associated X protein
(BAX) and BCL-2-antagonist-of-cell-death (BAD) from the
cytosol to the mitochondria and vice versa.13,14 Also
immunomodulatory effects of bile acids and their receptors
have been described. The two most prominent bile acid
receptors are the Farnesoid X receptor (FXR) and the trans-
membrane G protein-coupled bile acid receptor 5 (TGR5).
FXR is expressed in both liver and intestine and was shown
that mice lacking FXR were more prone to development of
acute and chronic colitis.15 Intestinal damage during GvHD
has been previously linked with bile acid malabsorption.16
In a recent study, metabolomic analysis of serum samples
from allo-HCT recipients showed alterations in bile acid
levels among other metabolites.17 So far, no data on bile acid
levels in liver, intestines or in intestinal content in the con-
text of GvHD have been available.
The aim of this study was to investigate whether allo-

HCT causes alterations in the bile acid composition and
whether exogenous bile acid application can positively
influence aGvHD development. We show that the bile acid
pool was depleted after allo-HCT. Administration of tau-
roursodeoxycholic acid (TUDCA) improved aGvHD out-

come by direct protection of the intestinal epithelium from
cytokine damage and by lowering antigen presentation by
non-hematopoietic cells. This makes it an attractive com-
pound for combination therapy with already clinically
available immunosuppressive strategies.

Methods

Mice
BALB/c (H-2Kd) and C57BL/6 (H-2Kb) mice were purchased

from the animal facility at Freiburg University Medical Center or
from Janvier Labs (Le Genest-Saint-Isle, France). Luciferase-trans-
genic C57BL/6 mice (H-2Kb) were bred in the animal facility of the
Center for Clinical Research at Freiburg University Medical Center
(Freiburg i.Br., Germany). B6.129P2-Lgr5tm1(cre/ERT2)Cle/J mice on the
C57BL/6 background (H-2Kb) were a kind gift from Prof. Roland
Schüle (Center for Clinical Research, Freiburg i.Br.). All animals
were housed under specific pathogen-free conditions at the ani-
mal facility of the Center for Clinical Research (ZKF, Freiburg i.Br.,
Germany). All animal protocols (G-13/045, G-16/018, G-17/063;
X-13/07J; X-15/10A) were approved by the Federal Ministry for
Nature, Environment and Consumer Protection of the state of
Baden-Württemberg, Germany. 
All other materials and methods are provided in the Online

Supplementary Appendix.

Results

Allogeneic hematopoietic cell transplantation alters
the levels of bile acids and the expression of bile acid
receptors
We first investigated how allo-HCT influences the

enterohepatic circulation (Figure 1A) and the bile acid pool.
We extracted metabolites from liver, ileum, ileal contents
and serum of untreated mice and mice developing aGvHD
(Figure 1B). We measured the levels of eight major bile acid
metabolites by liquid chromatography - mass spectrometry
(LC-MS) (Figure 1C) and observed that taurocholic acid
(TCA) was the predominant bile acid in all four compart-
ments. Induction of aGvHD resulted in reduced bile acid
pools. While the levels of most bile acids significantly
decreased, the absolute amount of ursodeoxycholic acid
(UDCA) increased (Figure 1D; Online Supplementary Figure
S1A to C). 
Another important determinant of bile acid signaling is

the expression of bile acid receptors. We found that intes-
tinal Nr1h4 mRNA levels (encoding for FXR) increased and
Gpbar1 levels (encoding for TGR5) decreased with a peak
on day 4 after bone marrow transplantation (BMT) (Figure
1E; Online Supplementary Figure S1D). Collectively, our
results show that allo-HCT causes a reduction of the bile
acid pool in liver, intestine and intestinal content as well as
a deviation in bile acid receptor expression.

Treatment with bile acids prevents cell death of 
intestinal organoids and cell lines 
Small intestinal organoids mimic the structure of the

intestine.18 We used this in vitro system to test the impact of
different bile acids on the viability and morphology of the
intestinal epithelium. We selected bile acids belonging to
different groups for our analysis: chenodeoxycholic acid
(CDCA) as a primary bile acid, UDCA as a secondary
unconjugated bile acid, TUDCA as a secondary conjugated
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Figure 1. Allogeneic hematopoietic cell transplantation induces changes in bile acid levels and bile acid receptor expression. (A) Simplified schematic overview of
bile acid metabolism and the enterohepatic circulation. (B) Experimental flow for metabolomic profiling of the bile acid pool from untreated BALB/c mice and mice
developing graft-versus-host disease (GvHD). (C) Overview of the bile acids quantified by liquid chromatography - mass spectrometry. (D) Quantification of the bile
acid composition in liver, ileum, ileal contents and serum of untreated mice and on day 7 after bone marrow transplantation (BMT). Data were pooled from five indi-
vidual mice per group and are presented as mean ± standard error of the mean for each metabolite. P-values were calculated for the total bile acid pool using the
two-tailed unpaired Student’s t-test; ns: not significant. (E) Quantitative real-time polymerase chain reaction analysis of the mRNA expression of the bile acid recep-
tors Nr1h4 (encodes for the FXR protein) and Gpbar1 (encodes for the TGR5 protein) in the small intestine of untreated mice and mice developing GvHD. Data are
pooled from n=10 mice in the untreated, GvHD d7 and GvHD d14 groups and n=5 mice in the GvHD day 4 group. The P-values were calculated using the ordinary
one-way ANOVA test with correction for multiple comparisons.
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Figure 2. Treatment with bile acids reduces cell death in small intestinal organoids and MODE-K cells. (A) Experimental setting for the treatment of organoids with
tumor necrosis factor (TNF) (20 ng/mL), interferon γ (IFNγ) (2.5 ng/mL) and the respective bile acids. (B) Representative images of BALB/c intestinal organoids treat-
ed with TNF as described in (A). (C) Quantification of damaged organoids treated with TNF as in (A) performed by manual microscope counting. Data were normalized
to the TNF plus (TNF+)vehicle group. Statistical analysis of n=4 biologically independent experiments. The P-value was calculated using an ordinary one-way ANOVA
test with correction for multiple comparisons. (D and E) Intestinal organoids were cultured as described in (A). Organoids were digested and the proportion of dead
cells was determined by flow cytometry. (D) Representative flow cytometry dot plots. (E) Quantification of the percentages of dead cells. Data were normalized to the
TNF+vehicle group. Statistical analysis of n=3 biologically independent experiments. The P-value was calculated using the ordinary one-way ANOVA test with correc-
tion for multiple comparisons. (F) Representative images of BALB/c intestinal organoids treated with IFNγ as described in (A). (G) Quantification of damaged
organoids treated with IFNγ as in (A) performed by manual microscope counting. Data were normalized to the IFNγ+vehicle group. Statistical analysis of n=3 biolog-
ically independent experiments. The P-value was calculated using an ordinary one-way ANOVA test with correction for multiple comparisons. (H and I) Analysis of
MODE-K cell viability after treatment with TNF ± chenodeoxycholic acid (CDCA), ursodeoxycholic acid (UDCA), 6-ethylchenodeoxycholic acid (OCA) or tauroursodeoxy-
cholic acid (TUDCA) for 48 hours performed by flow cytometry. (H) Quantification of the percentages of dead cells. Data were normalized to the TNF+vehicle group.
Statistical analysis of n=3 biologically independent experiments performed in technical duplicates or triplicates. The P-values were calculated using the ordinary one-
way ANOVA test with correction for multiple comparisons. (I) Representative flow cytometry dot plots. 
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bile acid and 6-ethylchenodeoxycholic acid (obeticholic
acid, OCA) as a synthetic compound and the strongest ago-
nist of the FXR receptor. We evaluated the toxicity of these
bile acids on organoids and the intestinal cell line MODE-K
to select non-toxic doses for further experiments (Online
Supplementary Figure S2A and B). Organoids were treated
with tumor necrosis factor (TNF) or IFNγ in combination
with or without bile acids (Figure 2A). We observed that
TNF treatment, performed to induce cellular damage,
reduced organoid viability as shown by changes in cell mor-
phology and organoid structure. This effect was partially
reversed by addition of CDCA and more significantly of
TUDCA (Figure 2B to E). We confirmed the beneficial effect
of TUDCA on organoid viability using IFNγ to induce
organoid damage (Figure 2F and G). As TUDCA was the
most potent bile acid to protect intestinal organoids from
cytokine-induced cell death, we performed quantitative
polymerase chain reaction (qPCR) analysis from organoids
treated with TNF ± TUDCA in order to evaluate which cell
types were particularly preserved. We observed a strong
upregulation of the anti-microbial peptides defensin α1 and
4 (Defa1 and Defa4) which are produced by Paneth cells
(Online Supplementary Figure S2C). Additionally, we identi-
fied an elevated expression of the intestinal stem cell (ISC)
marker leucine-rich repeat-containing G-protein coupled
receptor 5 (Lgr5). Although there was a trend towards an
increase in the goblet cell marker mucin 2 (Muc2) and the
enteroendocrine cell marker chromogranine A (Chga), these
changes were not significant (Online Supplementary Figure
S2C). We confirmed the hypothesis that bile acids protect
intestinal cells from cell death via performing additional
experiments using the murine small intestine cell line
MODE-K. TNF treatment reduced the viability of MODE-
K cells. This was reversed partly by CDCA and even more
by TUDCA (Figure 2H and I). Together, these data indicate
that exposure to bile acids reduces intestinal cell damage
induced by pro-inflammatory cytokines.

Prophylactic administration of bile acids reduces
acute graft-versus-host disease  severity in mice
through a cell-intrinsic effect independent of the
microbiome
Our in vitro studies provided evidence that bile acids pro-

tect the intestinal epithelium. Since TUDCA showed the
strongest effects, we used this compound for further studies
in a murine in vivo BMT model (Figure 3A and C). We deter-
mined bile acid concentrations and confirmed an increase of
TUDCA levels after exogenous administration. Levels
increased from 0.5% to 35% of the measured bile acids in
the serum and from 3.2% to 57% in the ileal content reach-
ing a concentration of almost 1 mg per 100 mg (Online
Supplementary Figure S3A and B). Survival was significantly
improved in animals treated with TUDCA in two different
transplantation models using total body irradiation (TBI) as
the conditioning treatment (Figure 3B and D). As a confir-
mation, histopathological analysis of the liver, small intes-
tine and colon of recipient mice demonstrated significantly
reduced aGvHD scores in the TUDCA-treated group
(Figure 3E). This was further validated in an irradiation-free
model with chemotherapy conditioning (Online
Supplementary Figure S3C and D). Pro-inflammatory
cytokines contribute to tissue damage and T-cell activation
during aGvHD. We observed reduced serum cytokine lev-
els in the treatment group with significant differences for
TNF and a trend towards lower levels of IFNγ (Figure 3F).

These data demonstrate a protective effect of TUDCA in
the prophylactic setting with improved survival rates,
reduced histological aGvHD scores and lower concentra-
tions of pro-inflammatory cytokines. 
Since we found in our in vitro system an effect on intestin-

al cell viability by other bile acids as well, we assessed the
impact of CDCA and UDCA as a prophylaxis for aGvHD
(Online Supplementary Figure S3E). Histopathological analy-
sis revealed a slight improvement upon CDCA administra-
tion (Online Supplementary Figure S3F) and a more pro-
nounced effect after treatment with UDCA (Online
Supplementary Figure S3G).
Intestinal bacteria play an essential role in bile acid

metabolism. They generate secondary bile acids by remov-
ing glycine or taurine residues from primary bile acids,
which were not reabsorbed from intestinal epithelial cells
and recycled in the enterohepatic circle.19,20 The microbio-
me composition and the bile acid pool influence each
other.21 Recent data show that aGvHD is associated with
changes in the microbiome including a diminished micro-
bial diversity.22-24 We therefore investigated whether
TUDCA potentially mediates its protective effects by act-
ing directly on the intestinal cells or by modifying the intes-
tinal microbiome composition. Microbiome analysis was
conducted in mice developing aGvHD. We could detect the
expected reduction in microbial diversity in both groups
compared to untreated mice. This reduction was independ-
ent of TUDCA treatment as depicted by similar Shannon
indices and inversed Simpson indices (Figure 3G and H).
Detailed analysis of the relative abundance of different
species confirmed that the microbiome is altered during
aGvHD development. In line with previous reports,
Lactobacillus numbers increased and certain anaerobic
species (in our case Muribaculum and Sporobacter) decreased.
TUDCA- and vehicle-treated mice exhibited similar relative
abundance profiles suggesting that TUDCA protects the
intestinal epithelium by directly affecting the intestinal cells
and not by changing the microbial composition (Figure 3I).
Supporting this concept, TUDCA preserved its beneficial
effects on the survival of mice developing aGvHD even
after decontaminating antibiotic treatment that was admin-
istered prior to BMT (Figure 3J and K). Of note, antibiotic
treatment did not lead to the general reduction in the bile
acid pool of the ileal content seen as a result from GvHD
induction (Online Supplementary Figure SH3). Together, these
data suggest that although bile acids and the microbiome
are closely connected in the intestinal tract, the beneficial
effect of TUDCA on GvHD outcome is not mainly mediat-
ed by regulation of the intestinal bacteria.

Bile acid treatment decreases intestinal antigen 
presentation 
In order to better understand the mechanism by which

bile acid administration protects the intestine from aGvHD-
induced damage, we performed gene expression analysis of
small intestinal samples on day 14 after BMT. Using sam-
ples from TUDCA-treated animals and controls, we per-
formed a hypergeometric test of significant regulated genes
(q-value <0.05) to find differentially regulated terms from
the Gene Ontology database. The most significantly down-
regulated pathways upon TUDCA treatment included
pathways related to immune activation, among others the
gene set ‘antigen processing and presentation’ (Figure 4A).
Expression analysis in a second independent cohort con-
firmed the data on the mRNA and protein level (Figure 4B
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Figure 3. Legend on following page. 
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to E). Downregulated genes included transporter associated
with antigen processing 1 and 2 (Tap1 and Tap2) (Figure 4B
to E), which are involved in the translocation of degraded
cytosolic peptides across the endoplasmatic reticulum
membrane for antigen-major histocompatibility complex
(MHC) class I molecule assembly, as well as TAP binding
protein (Tapbp) and Tapasin-related protein (Tapbpl) which
mediate the association between TAP proteins and newly
assembled MHC class I complexes. Furthermore, lower
transcription of class II MHC complex transactivator (Ciita)
was observed suggesting decreased MHC class II-related
antigen presentation in the intestines of TUDCA-treated
animals (Figure 4B and C). Confirming the hypothesis that
the antigen presentation machinery in the intestine is
reduced, we found decreased levels of MHC class I and
MHC class II expression on non-hematopoietic cells in the
intestine of TUDCA-treated animals (Figure 4F). In line
with data obtained from the organoid culture system, mul-
tiple genes associated with the GO term ‘Response to IFNγ’
were significantly downregulated (Figure 4G). Interestingly,
the numbers of CD11c+ MHC class II+ professional antigen-
presenting cells (APC) in ileum and colon were identical
between both groups (Online Supplementary Figure S4A).
There was a slight reduction in TNF expression, whereas
costimulatory molecules and other cytokines remained
unchanged (Online Supplementary Figure S4B and C). The
migration capacity of bone marrow-derived dendritic cells
(BM-DC) was not impaired by TUDCA treatment either
(Online Supplementary Figure S4D). These data support the
hypothesis that antigen presentation by non-hematopoietic
cells is reduced by TUDCA treatment. In line with this
model, treatment with TNF elevated the expression of Tap1
and Tap2 in MODE-K cells which could be reversed by
addition of TUDCA (Figure 4H and I). Notably, the effect
on Tap1/2 expression was most evident for TUDCA but
occurred upon treatment with CDCA and UDCA as well
(Figure 4H and I).  

Bile acid administration changes the transcriptional
signature of T cells in the intestine but preserves their
systemic expansion
Antigen presentation is important for the recognition of

malignant cells by alloreactive T cells. Since TUDCA
reduces antigen presentation in the intestine, we asked
whether its application has an immediate impact on T-cell
activation. T-cell numbers in the lamina propria of the small
intestine and production of IFNγ, interleukin-6 (IL-6) and
TNF were not altered upon TUDCA administration (Figure
5A; Online Supplementary Figure S5A and B). However, we

discovered a transcriptional signature suggesting downreg-
ulation of immune cell activation. We observed that the
transcriptional levels of many genes associated with the
GO term ‘T-cell activation’ were significantly reduced in
GvHD developing mice, treated with TUDCA (Figure 5C).
Among these genes were the CD3 subunits Cd3e and
Cd3g, the transcription factor interferon regulatory factor 1
(Irf1), as well as many genes encoding for proteins that play
an important role for signaling pathways downstream of
the T-cell receptor (Figure 5D). Among these were lympho-
cyte-specific protein tyrosine kinase (Lck) and linker for acti-
vation of T cells (Lat). Lck is a tyrosine kinase that phospho-
rylates the tails of the CD3 chains of the T-cell receptor
complex upon antigen recognition via MHC. This allows
ZAP70 binding and activation. Lat is phosphorylated by
ZAP70/Syk kinases upon T-cell receptor activation and
recruits adapter proteins which are important for further
signaling. This altered transcriptional signature suggests
that multiple events in the downstream signaling of the
CD3/T-cell receptor complex are reduced upon treatment
with TUDCA.
We then investigated whether TUDCA administration

could decrease the general alloreactive T-cell expansion.
Bioluminescence-based trafficking analysis revealed that T-
cell expansion was similar in vehicle- and TUDCA-treated
animals (Figure 5E to G). Flow cytometry confirmed that
there were no differences in T-cell numbers in the spleen
between both groups (Online Supplementary Figure S5C to
F). T-cell differentiation, migration and TNF production
after in vitro stimulation and TUDCA treatment were com-
parable (Online Supplementary Figure S5G to I). Collectively,
our results support the hypothesis that bile acid application
is also associated with a transcriptional signature of reduced
local T-cell activation without having a negative impact on
systemic T-cell expansion.

Tauroursodeoxycholic acid decreases apoptosis in the
intestine  
We observed that bile acids prevent intestinal cell death in

vitro. Further analysis of the microarray data obtained from
the in vivo allo-HCT model revealed a significant downreg-
ulation of apoptosis-related genes in mice treated with
TUDCA (Figure 6A). Confirming this, we performed an
immunofluorescent TdT-mediated dUTP-biotin nick end
labeling (TUNEL) staining which marks apoptotic nuclei.
While aGvHD induction significantly increased intestinal
apoptosis, TUDCA administration reduced it to almost the
baseline level in both the small intestine and the colon
(Figure 6B and C). The application of TUDCA increased the
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Figure 3. Bile acid treatment improves acute graft-versus-host disease outcome in mice. (A) Transplantation model with BALB/c (H-2kd) as donor and C57BL/6 (H-
2kb) as recipient. Recipient animals were treated with 200 mg/kg body weight tauroursodeoxycholic acid (TUDCA) or an equal volume of vehicle from day 0 until day
10 after bone marrow transplantation (BMT) by a daily intraperitoneal injection. (B) Survival of C57BL/6 mice transplanted as shown in (A). Numbers (N) represent
individual mice, the P-value was calculated using the two-sided Mantel-Cox test. (C) Transplantation model with C57BL/6 (H-2kb) as donor and BALB/c (H-2kd) as
recipient. Recipient animals were treated with 200 mg/kg body weight TUDCA or an equal volume of vehicle from day 0 until day 10 after BMT by a daily intraperi-
toneal injection. (D) Survival of BALB/c mice transplanted as described in (C). Data were pooled from three independent experiments, numbers (N) represent indi-
vidual mice. The P-value was calculated using the two-sided Mantel-Cox test. (E) Graft-versus-host disease (GvHD) histopathology scores of liver, small intestine and
colon assessed on day 7 after BMT (C57BL/6 in BALB/c model). Data were pooled from two independent experiments, numbers (N) represent individual mice. 
P-values were calculated using the ordinary one-way ANOVA test with correction for multiple comparisons. (F) Serum cytokine concentrations in untreated mice and
transplanted mice determined on day 14 after BMT (C57BL/6 in BALB/c model). Numbers (N) represent individual mice. P-values were calculated using the ordinary
one-way ANOVA test with correction for multiple comparisons. (G and I) Fecal samples were collected for microbial analysis on day 5 after BMT. Numbers (N) represent
individual mice. Data were pooled from two independent experiments. P-values were calculated using the ordinary one-way ANOVA test with correction for multiple
comparisons; ns: not significant. (G) The Shannon index as a surrogate parameter for microbial diversity. (H) The reversed Simpson index as a surrogate parameter
for microbial diversity. (I) Relative abundance of specified bacterial genera. (J) C57BL/6 mice were treated with an antibiotic cocktail comprising 1 mg/mL cefoxitin,
metronidazole, neomycin and gentamycin for 2 weeks before they underwent BMT as described in (A). (K) Survival of C57BL/6 mice transplanted and treated as
described in (J). Numbers (N) represent individual mice. Data were pooled from two independent experiments. Statistical analysis was performed using the two-sided
Mantel-Cox test.



expression of the ISC marker genes Lgr5 and Pleckstrin
homology-like domain family A member 1 (Phlda1) and of
the goblet cell marker Muc2 (Figure 6D). In contrast, no
changes in the expression of Defa1 and Defa4 or Chga could
be identified (Online Supplementary Figure S6A and B). In
order to confirm the protection of ISC upon administration

of TUDCA, we utilized B6.129P2-Lgr5tm1(cre/ERT2)Cle/J mice
which express green fluorescent protein (GFP) under con-
trol of the Lgr5 gene promoter. On day 14 after transplanta-
tion, we detected increased numbers of GFP+ cells in the
small intestine of TUDCA-treated animals compared to
vehicle-treated controls (Figure 6E and F). Previous studies
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had shown a role for TUDCA and its chaperone activity for
reducing ER stress, a cellular stress response to critical con-
ditions that can potentially lead to apoptosis. We found no
changes of ER stress marker expression in the intestine of
mice developing aGvHD when treated with TUDCA
(Online Supplementary Figure S6C and D). Altogether, these
data demonstrate that TUDCA protects the intestinal tract
from apoptosis and particularly preserves ISC and goblet
cells from aGvHD-related damage.

Tauroursodeoxycholic acid treatment does not 
abrogate the graft-versus-leukemia activity or
hematopoietic regeneration
We next assessed the impact of TUDCA directly on the

graft-versus-leukemia (GvL) effect. Reduced antigen presen-
tation and human leukocyte antigen (HLA) loss contribute
to immune escape of acute myeloid leukemia (AML) cells
after allo-HCT.25 In order to test whether bile acid treat-
ment alters the MHC/TAP antigen presentation in leukemic
cells, we treated four human and murine leukemia cell lines
with TUDCA. HLA-A, B, C and MHC class I expression
were not altered (Figure 7A, B, D and E; Online
Supplementary Figure S7). Also Tap1 and Tap2 gene expres-
sion remained unchanged, suggesting that bile acid applica-
tion does not impair the GvL activity by reducing the
expression of MHC/TAP molecules on malignant cells
(Figure 7C and F; Online Supplementary Figure S7). 
We then activated CD8+ T cells by co-incubation with

allogeneic dendritic cells and treated them with TUDCA
prior to incubation with the A20 lymphoma cell line. T cells
were capable of inducing cell death in the leukemic cells
which remained stable in the case of TUDCA addition
(Figure 7G). We tested in vivo T-cell priming by re-isolating
T cells from the spleens of vehicle- and TUDCA-treated
animals 14 days after BMT (Figure 7H). These in vivo acti-
vated T cells had a comparable killing capacity when incu-
bated with A20 cells (Figure 7I). Finally, we studied the GvL
effect in vivo by injecting Ba/F3 cells containing the FLT3-
ITD translocation (Ba/F3-ITD) (Figure 7J). Additional trans-
fer of alloreactive T cells reduced the expansion of the
malignant cells in the bone marrow and the spleen. This
effect persisted in the mice upon TUDCA treatment (Figure
7K). These data indicate that TUDCA affects specifically
the intestine and does not impede cytotoxic lymphocyte
activity against malignant cells.
Since immune reconstitution is critical for a favorable

outcome after allo-HCT, we investigated whether TUDCA
might have a negative impact on the peripheral blood cell
reconstitution. Mice developing aGvHD treated with

TUDCA and vehicle displayed the expected decrease in
hemoglobin, hematocrit, platelets and white blood cells
(WBC) in comparison to untreated mice (Online
Supplementary Figure S8A). TUDCA did not enhance
cytopenia as treated animals exhibited the same blood
counts as vehicle controls. WBC subpopulation analysis by
flow cytometry revealed similar proportions of T cells, B
cells, granulocytes and monocytes in the peripheral blood
(Online Supplementary Figure S8B). Analysis of mice with
aGvHD at a later time point was not possible due to
GvHD-induced mortality in the vehicle group. In order to
segregate aGvHD from immune reconstitution, we ana-
lyzed animals transplanted only with BM without a GvHD-
inducing transfer of T cells. TUDCA treatment did not
compromise hematopoietic regeneration (Online
Supplementary Figure S8C and D). These results underline
the observation that TUDCA treatment does not prolong
the time period necessary for immune reconstitution and
suggest that this compound would not impair immune
responses to pathogens or the GvL response in allo-HCT
patients.

Discussion 

Frequency of allo-HCT is rising worldwide since
improved conditioning protocols and supportive care allow
older patients to undergo this potentially curative leukemia
treatment. However, efficient GvHD prophylaxis remains a
challenge in the clinical routine with a significant impact on
the long-term outcome of allo-HCT. 
Here, we observed a depletion of the bile acid pool after

allo-HCT. We hypothesized that loss of bile acids might be
one of the factors contributing to loss of homeostasis in the
intestinal tissue during GvHD (Figure 8). In agreement with
recently published data,6,7 we observed that exposure to
pro-inflammatory cytokines caused intestinal tissue dam-
age in an organoid culture model. Treatment with bile acids
improved the viability of intestinal organoids and cell lines
when cell death was induced by application of TNF or IFNγ.
The role of bile acids in the regulation of cell death has been
controversially discussed.26 Depending on their concentra-
tion, they can have cytotoxic properties and are able to
induce apoptosis either by direct activation of death recep-
tors, for example FAS, or by inducing oxidative damage and
mitochondrial dysfunction.27-29 Other studies indicate that
there is a fine balance in bile acid composition in order for
their toxic and protective properties to antagonize one
another.30,31 The secondary hydrophilic bile acid UDCA has
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Figure 4. Tauroursodeoxycholic acid reduces intestinal antigen presentation. (A to G) Small intestinal samples were isolated from recipient mice treated with vehicle
or tauroursodeoxycholic acid (TUDCA), on day 14 after bone marrow transplantation (BMT) (C57BL/6 to BALB/c model). (A) Identification of significantly downregu-
lated Gene Ontology terms in animals treated with TUDCA. The dotted line corresponds to P=0.05 (log -0.05=1.29). (B) Heat map based on microarray analysis show-
ing the differentially regulated genes (q-value<0.05) that belong to the term ‘antigen processing and presentation’ from the Gene Ontology database. Data were
pooled from two independent experiments, n=6 mice per group, P=0.004. The color code represents the Z-score log2 intensity. (C) Quantitative real-time polymerase
chain reaction (PCR) analysis of the mRNA expression of selected genes with Actb as a reference gene. Data were pooled from two independent experiments, num-
bers (N) represent individual mice. P-values were calculated using the unpaired two-tailed Student’s t-test. (D) Expression of TAP1 protein quantified by western blot.
Representative western blot from n=3 mice per group. (E) Quantification of TAP1 protein expression. Data were pooled from two independent experiments, numbers
(N) represent individual mice. P-values were calculated using the unpaired two-tailed Student’s t-test. (F) Flow cytometric quantification of major histocompatibility
complex (MHC) class I expression on CD326+ (EpCAM+) cells (left panel) and MHC class II expression on CD45– MHC class II+ cells (right panel). Data were pooled
from two independent experiments, numbers (N) represent individual mice. P-values were calculated using the unpaired two-tailed Student’s t-test. (G) Heat map
based on microarray analysis showing the differentially regulated genes (q-value<0.05) that belong to the term ‘Response to interferon γ’ from the Gene Ontology
database. Data were pooled from two independent experiments, n=6 mice per group, P=6.49x10-9. The color code represents the Z-score log2 intensity. (H and I)
Quantitative real-time PCR analysis of the mRNA expression of Tap1 (panel H) and Tap2 (panel I) with Actb as a reference gene in MODE-K cells treated with TNF ±
chenodeoxycholic acid (CDCA), ursodeoxycholic acid (UDCA), 6-ethylchenodeoxycholic acid (obeticholic acid, OCA) and TUDCA for 48 hours. Representative data from
one of two independent experiments with n=3 replicates/group are presented. P-values were calculated using the ordinary one-way ANOVA test with correction for
multiple comparisons; ns: not significant.
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Figure 5. Tauroursodeoxycholic acid administration changes the transcriptional signature of T cells in the intestine but preserves their systemic expansion. (A and
B) Flow cytometric analysis of T cells isolated from the small intestinal lamina propria of recipient animals on day 14 after bone marrow transplantation (BMT)
(C57BL/6 in BALB/c model). (A) Representative flow cytometry dot plots. (B) Relative (left panel) and absolute (right panel) quantification of CD8+ and CD4+ T cells.
Representative data from one of two biologically independent experiments, numbers (N) represent individual mice. P-values were calculated using the two-tailed
unpaired Student’s t-test; ns: not significant. (C) Heat map based on microarray analysis (performed as in Figure 4) showing the differentially regulated genes (q-
value<0.05) that belong to the term ‘T-cell activation’ from the Gene Ontology database. Data were pooled from two independent experiments, n=6 mice per group,
P=4.6x10-11. The color code represents the Z-score log2 intensity. (D) Log2 RNA intensity values for selected genes belonging to the GO term “T-cell activation”. Data
were pooled from two independent experiments, numbers (N) indicate individual mice. An adjusted P-value calculated as described in the Methods is presented. (E)
BALB/c mice underwent transplantation as described in Figure 3C using luciferase-transgenic T cells. Representative bioluminescence images for T-cell trafficking
on different time points after transplantation. (F and G) Quantification of the bioluminescence measurement performed as described in (D). Signal was quantified
either from the whole body (F) or from the gastrointestinal region only (G). One of three independent experiments with n=5 mice per group is shown. P-values were
calculated using the ordinary one-way ANOVA test with correction for multiple comparisons.
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Figure 6. Tauroursodeoxycholic acid decreases intestinal apoptosis. (A to D) Small intestinal samples were isolated from recipient mice which were treated with vehi-
cle or tauroursodeoxycholic acid (TUDCA), on day 14 after bone marrow transplantation (BMT) (C57BL/6 to BALB/c model). (A) Heat map based on microarray analy-
sis showing the differentially regulated genes (q-value<0.05) from the gene set ‘apoptosis’ from the CONSENSUS database (small intestine, day 14 after BMT). Data
were pooled from two independent experiments, n=6 mice per group, P=0.001. The color code represents the Z-score log2 intensity. (B) Representative immunoflu-
orescence images of TUNEL-stained paraffin sections from the small intestine (day 14 after BMT, blue: DAPI, green: apoptotic TUNEL staining). Scale bars 200 mm.
(C) Quantification of apoptotic nuclei in the small intestine and the colon was obtained using the Olympus ScanR analysis software (day 14 after BMT). Data were
pooled from two independent experiments, numbers (N) indicate individual mice. P-values were calculated using the ordinary one-way ANOVA test with correction for
multiple comparisons. (D) Quantitative real-time polymerase chain reaction (PCR) analysis of the mRNA expression of the intestinal stem cell markers Lgr5 and
Phlda1 and the goblet cell marker Muc2 with Actb as a reference gene (small intestine, day 14 after BMT). Data were pooled from two independent experiments,
numbers (N) indicate individual mice. P-values were calculated using the unpaired two-tailed Student’s t-test. (E and F) B6.129P2-Lgr5tm1(cre/ERT2)Cle/J mice (H-2kb) were
transplanted and treated with TUDCA as described in Figure 3A. On day 14 after BMT, the small intestine was analyzed by immunofluorescence for the number of
green fluorescent protein positive (GFP+) intestinal stem cells. (E) Representative images obtained using confocal microscopy (blue: DAPI, green: GFP). Scale bars 50
mm. (F) Quantification of data pooled from two independent experiments, N numbers represent individual mice. The P-value was calculated using the unpaired two-
tailed Student’s t-test.
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Figure 7. The graft-versus-leukemia/lyphoma effect is preserved despite tauroursodeoxycholic acid administration. (A to F) MV-4-11 and RMB-1 cells were cultured
for 72 hours (h) with or without addition of tauroursodeoxycholic acid (TUDCA). One representative result from three independent experiments performed in technical
triplicates is shown for panel (A) and (D). In panels (B), (C), (E) and (F) data were pooled from three independent experiments performed in technical duplicates or
triplicates. P-values were calculated using the two-tailed unpaired Student’s t-test; ns: not significant. (A) Representative histograms from flow cytometric analysis of
human leukocyte antigen (HLA) A, B, C expression on MV-4-11 cells. (B) Quantification of HLA A, B and C expression on MV-4-11 cells. (C) Quantitative polymerase
chain reaction (PCR) analysis of the expression of the antigen presentation-related genes TAP1 and TAP2 in MV-4-11 cells with glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) as reference gene. (D) Representative histograms from a flow cytometric analysis of major histocompatibility complex (MHC) class I expression on
RMB-1 cells. (E) Quantification of MHC class I expression on RMB-1 cells. (F) Quantitative PCR analysis of the expression of the antigen presentation-related genes
Tap1 and Tap2 in RMB-1 cells with Actb as reference gene. (G) C57BL/6 CD8+ T cells were activated with allogeneic (BALB/c) dendritic cells for 72 h and treated
with 500 mM TUDCA or vehicle prior to incubation with A20 lymphoma cells. The percentage of dead A20 cells after 24 h of incubation was analyzed by flow cytometry.
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cytoprotective functions. UDCA is approved for the treat-
ment of patients with cholestatic liver diseases based on
inhibition of hepatocyte apoptosis and protection from
toxic hydrophobic bile acids.26,32 These effects are linked to
a stabilization of the mitochondria, reduced BAX transloca-
tion and decreased cytochrome C release and subsequent
apoptosis.32,33 Furthermore, the administration of TUDCA
led to the inhibition of cellular damage introduced by the
bile acid glycochenodeoxycholic acid (GCDCA) by pre-
venting GCDCA-induced caspase-9 activation and subse-
quent mitochondrial damage. Therefore, such bile acids can
enable survival via protection against more hydrophobic
and potentially more toxic bile acid variants.34,35 Also a pro-
tection of hepatocytes from carcinogen-induced apoptosis36
and of renal tubular cells against contrast media-induced
apoptosis37 has been described. 
Translating these data into a preclinical BMT model, we

observed that application of the bile acid TUDCA, the most
potent agent in our in vitro studies, prolonged the survival of
mice with aGvHD. Exogenous bile acid application was
able to substantially modulate the bile acid pool. TUDCA
increased to 35% of all measured bile acids in the serum
and almost 60% of the bile acids measured in the ileal con-

tent. These data suggest that exogenous application is effec-
tive in changing the bile acid pool and therefore probably
counteracts the depletion of bile acids observed upon
GvHD induction. The prophylactic use of UDCA has been
previously proposed in a study which demonstrated a
reduction in aGvHD incidence as well as non-relapse mor-
tality with a benefit in overall survival.38 However, other
studies failed to confirm this.39,40 Overall, a meta-analysis
including four prospective trials and two historical analyses
of prophylactic UDCA use in allo-HCT recipients showed
a reduction in the levels of hepatic veno-occlusive disease
and transplant-related mortality, with no statistically signif-
icant difference in the incidence of acute hepatic GvHD or
overall survival.41 The impact on intestinal aGvHD inci-
dence was not evaluated. Our observations prompted us to
search for a mechanism by which bile acids and TUDCA in
particular might protect the intestinal epithelium from an
alloimmunity-mediated damage. Administration of
TUDCA led to reduced expression of antigen presentation-
related genes and to reduced expression of MHC class I and
II on subpopulations of non-hematopoietic cells in the
intestine. It has recently been shown that MHC class II-
expressing intestinal epithelial cells are able to present anti-
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Figure 8. Tauroursodeoxycholic acid leads to a reduction of acute graft-versus-host disease. A model, in which this positive effect is achieved by two distinct mech-
anisms: enhancing the viability during exposure to pro-inflammatory cytokines and reduction of antigen presentation in the intestine with a consequent decrease in
apoptosis.

Representative data from one of two biologically independent experiments performed with three to four technical replicates respectively. (H) Experimental model for
assessing the graft-versus-ligand (GvL) response of allogeneic T cells ex vivo. BALB/c mice underwent bone marrow transplantation (BMT) as described in Figure 3C
and T cells from spleens were isolated for subsequent co-culture with A20 cells on day 14 after BMT. (I) Flow cytometric quantification of dead A20 lymphoma cells
co-cultured with CD4+ and CD8+ T cells re-isolated from the spleens of recipient mice on day 14 after BMT as described in (H). Representative data from one of two
biologically independent experiments performed with four to five technical replicates respectively. P-values were calculated using the ordinary one-way ANOVA test
with correction for multiple comparisons, ns: not significant. (J) Experimental model for assessing the GvL response in vivo. BALB/c mice underwent BMT with addi-
tional injection of green fluorescent protein positive (GFP+) Ba/F3-ITD leukemia cells. Allogeneic T cells were transferred two days later and animals were treated with
200 mg/kg body weight TUDCA or vehicle for another 10 days. (K) Flow cytometric analysis of spleen and bone marrow for the percentage of GFP+ cells on day 12
after tumor injection. N numbers represent individual mice. Left panel: representative flow cytometry plots. Right panel: quantification, numbers (N) represent indi-
vidual mice. P-values were calculated using the ordinary one-way ANOVA test with correction for multiple comparisons, ns: not significant.



gen and activate T cells in the context of GvHD.42 Little is
known about the connection of bile acids and their effect
on antigen-presentation, especially in non-hematopoietic
cells. In a model of Schistosoma mansoni infection, 24-nor-
UDCA but not UDCA itself reduced surface MHC class II
expression on macrophages and dendritic cells and the acti-
vation as well as proliferation of T lymphocytes in vitro.43
Microbial diversity is a key factor in regulating the home-
ostasis of the intestine. GvHD has been previously linked to
alterations in the microbiome with loss of bacterial diversi-
ty. In order to prove that TUDCA regulates aGvHD severi-
ty by acting directly on the intestinal epithelium and not by
changing the microbiome,44 we analyzed fecal samples of
TUDCA-treated animals developing aGvHD. Diversity and
abundancy analyses showed comparable results between
vehicle- and TUDCA-treated mice underlining the hypoth-
esis that TUDCA protects the intestinal epithelium in a cell-
specific manner. 
Current GvHD prophylaxis and treatment mostly rely on

suppression of T-cell activation and cytokine release which
on the downside increases the risk of malignancy relapse.
While TUDCA treatment resulted in a decreased expres-
sion of genes related to T-cell activation in the intestine, it
did not impair systemic T-cell proliferation or the activity
against tumor cells. This difference might be explained by
the fact that bile acid levels are much more abundant in the
intestine than in the systemic blood circulation (0.5 mg/mL
in the serum vs. 1,000  mg/100 mg ileal content).
Furthermore, the expression of antigen presentation-related
proteins on leukemic cells was not reduced showing that
the recognition of malignant cells by the immune system
remains intact upon bile acid administration. In line with
this concept, we showed preserved GvL activity in in vitro,
ex vivo and in vivo models. 
One potential explanation for the divergent effects of

bile acids on intestinal and leukemic cells is the differen-
tial expression of bile acid receptors and their affinities to
different species of bile acids. Intestinal epithelial cells are
equipped with various bile acid receptors, FXR and TGR5
amongst others.45 We show that mRNA expression of
both receptors changes upon GvHD induction with an
increase of FXR and decrease of TGR5. One could specu-
late that these alterations in receptor expression make
bile acid signaling a potential target for regulating intes-
tinal homeostasis. Both bile acid receptors are able to
bind bile acids with a high affinity and subsequently
induce different signaling pathways including inflamma-
tion and apoptosis signaling. Other receptors of bile acids
are more likely to be acknowledged as bile acid “sensors”
which rather chemically convert bile acids and can act on
bile acid transporters.46 FXR activation in the intestine has
several anti-inflammatory properties. OCA, as a strong
semi-synthetic FXR agonist, was shown to ameliorate
intestinal mucosal inflammation in several mouse colitis
models via induction of antimicrobial peptide production
and reinforcement of epithelial barrier function in intes-
tinal epithelial cells.47 Since OCA and CDCA, the bile
acids with the highest affinity to FXR, showed only
minor protective effects compared to TUDCA on intes-
tinal epithelium in our experiments, we hypothesize that
there must be other underlying mechanisms than the
engagement of FXR signaling. One other candidate is the
high affinity receptor TGR5 which also induces anti-
inflammatory responses similar to FXR48 but has the high-
est affinity to secondary bile acids such as UDCA and its

taurine conjugate TUDCA and is expressed in the liver
and intestine.49,50
Amongst our tested bile acids, TUDCA was the one with

the strongest anti-apoptotic effects both in vitro as and in
vivo. Active re-absorption of bile acids occurs in the terminal
ileum and is dependent on their conjugation status. During
this process, bile acids come in contact and modulate the
mucosal immune system.19,20 Our results indicate that for
GvHD prevention, bile acids have to be conjugated in order
to fulfill their cytoprotective properties. 
In summary, we show that allo-HCT induces a depletion

of the bile acid pool. Exogenous application of bile acids
and in particular TUDCA reduces aGvHD. We propose a
model, in which this positive effect is achieved by two dis-
tinct mechanisms: enhancing the viability during exposure
to pro-inflammatory cytokines and reduction of antigen
presentation in the intestine with a consequent decrease in
apoptosis (Figure 8). A major advantage of TUDCA is that
it is already approved by the Food and Drug Administration
and that it possesses a good safety profile. These findings
pave the way for a prospective clinical trial using TUDCA
to improve the outcome of allo-HCT recipients by prevent-
ing aGvHD and preserving the GvL effect. 
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Clinical studies have suggested a potential involvement of endothe-
lial dysfunction and damage in the development and severity of
acute graft-versus-host disease (aGvHD). Accordingly, we found

an increased percentage of apoptotic caspase 3 positive blood vessels in
duodenal and colonic mucosa biopsies of patients with severe aGvHD.
In murine experimental aGvHD, we detected severe microstructural
endothelial damage and reduced endothelial pericyte coverage accompa-
nied by reduced expression of endothelial tight junction proteins leading
to increased endothelial leakage in aGvHD target organs. During intes-
tinal aGvHD, colonic vasculature structurally changed, reflected by
increased vessel branching and vessel diameter. As recent data demon-
strated an association of endothelium-related factors and steroid refrac-
tory aGvHD (SR-aGvHD), we analyzed human biopsies and murine tis-
sues from SR-aGvHD. We found extensive tissue damage but low levels
of alloreactive T-cell infiltration in target organs, providing the rationale
for T-cell independent SR-aGvHD treatment strategies. Consequently,
we tested the endothelium-protective PDE5 inhibitor sildenafil, which
reduced apoptosis and improved metabolic activity of endothelial cells in
vitro. Accordingly, sildenafil treatment improved survival and reduced
target organ damage during experimental SR-aGvHD. Our results
demonstrate extensive damage, structural changes, and dysfunction of
the vasculature during aGvHD. Therapeutic intervention by endotheli-
um-protecting agents is an attractive approach for SR-aGvHD comple-
menting current anti-inflammatory treatment options. 
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ABSTRACT

Introduction

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is the only cur-
ative treatment option for many patients suffering from hematological malignan-
cies. A major complication of allo-HSCT is acute graft-versus-host disease
(aGvHD), an inflammatory condition primarily affecting the skin, liver, and intes-
tines. aGvHD occurs in more than two thirds of patients undergoing allo-HSCT.1



Steroid treatment is successful in most of these patients
(75%-80%). However, the 20%-25% of patients who fail
initial treatment with steroids (steroid-refractory aGvHD
[SR-aGvHD]) have very high mortality.2,3 No standard
treatment for SR-aGvHD is currently available, and its
pathobiology is poorly understood, thereby hindering the
development of novel therapeutic approaches.
The endothelium is the first contact for immunological

effector cells in the blood and a key regulator in various
inflammatory processes. In early complications after allo-
HSCT such as transplantation-associated-microangiopa-
thy,4 veno-occlusive disease,5 capillary leak syndrome6
and diffuse alveolar hemorrhage7 the endothelium was
shown to be relevant. Recent studies also suggest a criti-
cal role of the endothelium in aGvHD. Angiogenesis
appears to be a very early event during aGvHD, occurring
before immune cell infiltration in target organs.8 During
later phases of aGvHD, endothelial apoptosis has been
described in cutaneous aGvHD.9,10 Clinical studies
demonstrated that soluble markers of endothelial damage
such as von Willebrand factor,11 thrombomodulin,12-14
micro particles released by endothelial cells (EC)15 as well
as the CD40/CD40 ligand axis,16 can be used as biomark-
ers during aGvHD. Furthermore, factors of endothelial
damage were correlated with the mortality rate of
patients suffering from SR-aGvHD.12,13,17 In addition to
endothelial pathology in the microvasculature, arterial
vessels were described to suffer from endothelial damage
during aGvHD with consequences for their physiological
properties.18
The characterization of endothelial function during

aGvHD and SR-aGvHD is still incomplete and effective
pharmacologic strategies aiming at the normalization of
endothelial dysfunction to ameliorate aGvHD and SR-
aGvHD are lacking.

Methods

Patient material and histology of human biopsies
Collection of human samples was approved by the institu-

tional ethics committees of Charité Berlin and Medical
University Hannover and was in accordance with the
Declaration of Helsinki. From the Charité cohort, we included
intestinal biopsies with aGvHD versus no aGvHD after allo-
HSCT performed between 2007 and 2015. We identified 12 duo-
denal and 11 colon biopsies from patients with aGvHD grade III-
IV. As a control, we used 19 duodenal and ten colon biopsies
from allo-HSCT recipients without histological evidence of
aGvHD.19 From the Hannover cohort colon biopsies from 11
patients with aGvHD were included. From each patient, biop-
sies were taken at two time points: at diagnosis of aGvHD and
later at diagnosis of SR-aGvHD. Detailed clinical data from both
cohorts are given in the Online Supplementary Tables S1, S2, S4
and S6.

Mice and acute graft-versus-host disease experiments
aGVHD models were used as described previously.8,20,21

Control groups (no aGvHD) were transplanted with the same
bone marrow (BM) cell numbers and T-cell numbers from syn-
geneic donors. In order to mimic SR-aGvHD, we used the
chemotherapy based murine models 129→B6 major histocom-
patibility complex (MHC)-matched and B6→B6D2F1 (hap-
loidentical) and the radiation based murine model BALB/c→B6
MHC-mismatch with conditioning and cell dosages analogue to

the models described above. Recipient mice were treated
intraperitoneal with 0.5 mg/kg/day dexamethasone beginning at
day+4 after HSCT (Merck, Darmstadt, Germany).22,23 We used
dexamethasone because of its longer lasting effects compared to
methyl-prednisolone or prednisolone enabling once daily dosing
in the murine models. The rationale for starting at day+4 is that
during this time leukocytes start to infiltrate target organs during
aGvHD.8,21,24 Clinical scores, weight loss and survival in the B6-
BDF SR-aGVHD model are given in the Online Supplementary
Figure S1.

Histology of murine tissues
Tissue samples were cryoembedded and scored as previously

described.19

Evans blue assay
For assessment of endothelial leakage, Evans blue assay was

performed as described in detail elsewhere.25

Immunolabeling against VE-cadherin for light sheet 
fluorescence microscopy
25 mg/mouse anti-VE-cadherin antibody (Thermo

Scientific, eBioBV13-eFluor660) was intravenously (i.v.)
injected in mice from B6→BDF aGvHD model. Mice
were sacrificed and perfused with phosphate buffered
saline (PBS) followed by 4% paraformaldehyde in PBS.
Sample preparation and imaging of whole organs were
performed by light sheet fluorescence microscopy as pre-
viously described.26 Analysis of vasculature and its seg-
mentation was performed using Imaris 8.1 software
(Bitplane, Concord, MA, USA). Branch level was deter-
mined by branching point and diameter changes of the
vasculature.27

Hepatic endothelial cell isolation
Single cell suspensions were generated via digestion with 2

mg/mL collagenase D and 5 mL deoxyribonuclease. Hepatic EC
cell fraction was enriched by gradient centrifugation using 30%
histodenz (Sigma Aldrich). For gene expression analysis, the
obtained single cell suspension was further enriched for EC
(CD11b-, CD45dim/-, CD31+) by flow cytometry using a Bio-Rad
S3 cell Sorter. EC purity was determined via flow cytometry
analysis of ICAM1+ and CD31+ cells.

Statistics
Survival data were analyzed using the Kaplan–Meier method

and compared with the Mantel–Cox log-rank test. For statistical
analysis of all other data, Student’s t-test was used, unless indi-
cated otherwise. Values are presented as mean ± standard error
of the mean (SEM). Values of P ≤ 0.05 were considered statisti-
cally significant. All statistical analyses were performed using
GraphPad Prism software (GraphPad Software Inc., La Jolla, CA,
USA).
Additional experimental procedures are described in the

Online Supplementary Appendix.

Results

Endothelial apoptosis during severe intestinal acute
graft-versus-host disease in human biopsies
We stained colon and duodenum biopsies from allo-

HSCT recipients with the apoptotic cell marker caspase 3
(Casp3). We found that Casp3 positive (Casp+) EC were
rare events in biopsies of allo-HSCT recipients without
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aGvHD. In contrast, Casp3+ EC were frequent in intestin-
al biopsies of patients diagnosed for grade III-IV aGvHD.
Figure 1 shows exemplary pictures of colon sections in
human allo-HSCT recipients without aGvHD (Figure 1A)
versus grade III-IV intestinal aGvHD (Figure 1B).
Quantification revealed a significant increase in percent-
age of Casp3+ vessels in duodenal (Figure 1C) and colonic
mucosa (Figure 1D) of grade III-IV aGvHD. Patient char-
acteristics and clinical data are given in the Online
Supplementary Table S1 (for Figure 1C) and the Online
Supplementary Table S2 (for Figure 1D). Our data demon-
strate endothelial apoptosis during severe intestinal
aGvHD in human allo-HSCT recipients.

Micro-structural endothelial changes during 
experimental acute graft-versus-host disease 
in transmission electron microscopy 
In order to further investigate micro-structural changes

of the endothelium we used experimental aGvHD mod-
els. We first performed transmission electron microscopy
(TEM) of liver (Figure 2A to F) and colon (Online
Supplementary Figure S2A to F) at day+15 after allo-HSCT.
We found that the hepatic sinusoidal endothelium in allo-

HSCT recipients without aGvHD is not affected. The
endothelial monolayer as well as the EC-cell contacts
were intact (Figure 2A and B), and we observed a normal
endothelial monolayer in hepatic sinusoids (Figure 2B). In
contrast, the hepatic sinusoidal endothelium during
aGvHD was severely damaged with close immune cell-
EC interactions (Figure 2C). Furthermore, we observed a
discontinuous endothelial monolayer at the EC-immune
cell contact zone during hepatic aGvHD (Figure 2D). In
addition, we found blistering of the endothelial monolay-
er (Figure 2E) as well as platelet adhesion on the sinu-
soidal endothelial monolayer (Figure 2E) and in the blis-
tered endothelium (Figure 2F) during hepatic aGvHD. In
colonic mucosa, vessels were again normal in allo-HSCT
recipients without aGvHD (Online Supplementary Figure
S2A to F). The endothelial monolayer was well-struc-
tured, smooth and surrounded by pericytes (Online
Supplementary Figure S2A) with intact tight junctions
(Online Supplementary Figure S2B). In contrast, during
intestinal aGvHD the endothelial monolayer was ruffled
(Online Supplementary Figure S2C) with perivascular fib-
rinogen deposits (Online Supplementary Figure S2A, C, D
and F). Endothelial cytoplasm was enriched with vesicles

aGvHD impact on endothelium
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Figure 1. Endothelial damage in human intestinal biopsies. (A) Exemplary picture of a colon biopsy of a patient after allogeneic hematopoietic stem cell transplan-
tation (allo-HSCT) without histologic evidence of acute graft-versus-host disease (aGvHD) and low level of endothelial apoptosis. The white dotted lines indicate ves-
sel lumen and the arrow indicates one apoptotic caspase 3 positive (Casp3+) endothelial cell. (B) Exemplary picture of a colon biopsy of a patient with grade III-IV
intestinal aGvHD and increased endothelial apoptosis. The white dotted lines indicate vessel lumen and the arrows indicate apoptotic Casp3+ endothelial cells. (C)
Quantification of Casp3+ events in duodenal endothelium of allo-HSCT recipients given in percent of vessels in high-power fields (HPF). (D) Quantification of Casp3+

events in colonic endothelium of allo-HSCT recipients given in percent of vessels in HPF. Percentage of Casp3+ vessels was tested for significance by Student’s t-test
(***P<0.001; n=7-11 patients per group). Error bars indicate mean ± standard error of the mean. 
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and the endothelial monolayer was disrupted (Online
Supplementary Figure S2D and E). During intestinal
aGvHD, clotting was present in the colonic microvascula-
ture as well as convolution of the endothelial monolayer
(Online Supplementary Figure S2E). In conclusion, TEM
revealed an extensive endothelial damage in target organs
during aGvHD. 

Pericyte coverage, tight junctions and endothelial 
leakiness during acute graft-versus-host disease
As a method to quantify endothelial damage in exper-

imental aGvHD, we analyzed pericyte-coverage of
CD31+ vessels in the colon and liver by fluorescence
microscopy. Representative pictures are shown in Figure
3A and G. We found reduced pericyte-coverage of ves-
sels in hepatic sinusoids (Figure 3B) and in colonic
mucosa (Figure 3H) during aGvHD, indicating a dam-
aged endothelial monolayer. In order to address the
question whether the endothelial barrier function is
altered during aGvHD, we assessed the endothelial

expression of the tight junction protein ZO-1 and the
intercellular junction protein VE-cadherin in vessels of
aGvHD target organs a shown in the representative pic-
tures in Figure 3C and I. Immunostaining revealed
reduced endothelial ZO-1 abundance during aGvHD,
which correlates with reduced numbers of intact tight
junction (Figure 3D and J). Moreover, colonic microvas-
cular and hepatic sinusoidal endothelium VE-cadherin
abundance was reduced (Figure 3E and K).
In order to investigate, if the reduced expression of

tight junction and intercellular connection proteins of the
endothelium during aGvHD have functional conse-
quences in vivo, we injected Evans blue solution intra-
venously and analyzed the penetration into the organs.
In allo-HSCT recipients with aGvHD endothelial leakage
was significantly increased in liver (Figure 3F) and colon
(Figure 3L) as compared to HSCT recipients without
aGvHD. 
Next, we were interested if the detected endothelial

changes occurred exclusively in the target organs during

S. Cordes et al.

2150 haematologica | 2021; 106(8)

Figure 2. Visualization of acute graft-versus-host dis-
ease-associated ultrastructural changes in the liver
by transmission electron microscopy. Representative
pictures of sections from liver taken at day+15 after
experimental hematopoietic stem cell transplantation
(HSCT) in the chemotherapy based B6→BDF model.
(A and B) Liver sinusoidal endothelial monolayer after
syngeneic-HSCT (syn-HSCT) without acute graft-ver-
sus-host disease (aGvHD). (A) Normal, fenestrated
sinusoidal blood vessel completely covered with
endothelial monolayer. (B) Higher magnification of a
100 nm large fenestration of the endothelium in the
liver. (C to-F) Sinusoidal liver endothelial monolayer
after allo-HSCT during aGvHD. (C) Liver sinusoidal
vessel with destroyed and unregularly shaped
endothelial monolayer in contact with an immune
cell. (D) Higher magnification of contact zone
between immune cell and endothelial cell. (E)
Blistering of the endothelial monolayer with a platelet
in the region of injury. (F) Higher magnification of
endothelial blistering. The perivascular space is
marked by a red triangle. V: vessel lumen; EM:
endothelial monolayer; F: fenestrated endothelium;
IC: immune cell; E: erythrocyte; P: platelet; red circle:
loss of endothelium; red triangle: endothelial blister-
ing. Control groups (no aGvHD) were transplanted
with the same bone marrow cell numbers and T-cell
numbers from syngeneic donors.  
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Figure 3. Pericyte coverage, tight junctions and endothelial leakiness during acute graft-versus-host disease. Organs were harvested at day+15 after experimental
hematopoietic stem cell transplantation (HSCT) in the chemotherapy based LP/J→B6 model. Control groups (no acute graft-versus-host disease [aGvHD]) were trans-
planted with the same bone marrow cell numbers and T-cell numbers from syngeneic donors.  (A, B, and G to H) Quantification of pericyte coverage of vessels. (A and
G) Representative pictures of staining for pericyte marker α smooth muscle actin (αSMA) in red and endothelial cell marker CD31 in green. Right organs of animals with-
out aGvHD and left organs of animals suffering from aGvHD. (B and H) Ratio of αSMA positive area and CD31 positive area in (B) liver sinusoidal endothelium and (H)
in colonic mucosal vessels in aGvHD versus no aGvHD. (C, D, I and J) Quantification of endothelial tight junction protein expression ZO-1. (C and I) Representative pic-
tures of staining ZO-1 in green and CD31 in red. Right organs of animals without aGvHD and left organs of animals suffering from aGvHD. (D and J) Percentage of ZO-
1+ CD31+ area in (D) liver sinusoidal endothelium and (J) colonic mucosal vessels in aGvHD versus no aGvHD. (E and K) Quantification of endothelial adherence junction
protein expression VE-cadherin. Percentage of VE-cadherin positive area in (E) liver sinusoidal endothelium and (K) colonic mucosal vessels in aGvHD versus no aGvHD.
(F and L) Measurement of Evans blue extravasation in ng Evans blue per mg at day+15 after experimental allo-HSCT in the chemotherapy based B6→BDF model. (F)
Liver and (L) colon of aGvHD versus no aGvHD. Significance was tested with Student’s t-test (*P<0.05; **P<0.01; n=5 animals per group). All experiments were repro-
duced in a biological independent experiment and shown are representative results of one experiment. Error bars indicate mean ± standard error of the mean. 
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aGvHD or if this is a systemic effect. We therefore ana-
lyzed endothelial leakage in the kidney and skeletal mus-
cle, which are typically not affected in human aGvHD.
We have previously confirmed these organs to be unaf-
fected by aGvHD in our models.8,21 The Evans blue assay
revealed no significant changes of endothelial leakage in
these non-target organs during aGvHD (Online
Supplementary Figure 3A and B) suggesting that increased
endothelial leakiness predominantly occurs in aGvHD
target organs. 
Taken together, we found disturbed endothelial tight

junctions and intercellular connections leading to
increased vascular leakiness in target organs of aGvHD. 

Structural changes of vasculature in target organs 
during aGvHD
In order to get a better overview of the three-dimen-

sional (3D) changes of the vasculature, we compared
aGvHD and non-GvHD colonic vessel structure and
organization with light sheet fluorescence microscopy
after in vivo perfusion with an anti-VE-cadherin antibody.
Figure 4A and C show normal VE-cadherin staining and
vessel branching in a 3D model in colon at d+15 after
HSCT without aGvHD. During aGvHD, we found con-
siderably different staining patterns for VE-cadherin
(Figure 4B) and increased vessel branching in colon
(Figure 4D). Using this 3D model to quantify vessel
branch levels of vasculature, we found significantly
increased total vessel branching in colonic vasculature
during aGVHD as compared to HSCT recipients without
aGvHD (Figure 4E). Accordingly, analysis of branching
levels from vessel segments (Figure 4F) and vessel diame-
ter (Figure 4G) revealed a significant increase during intes-
tinal aGvHD. We conclude that aGvHD is associated
with structural changes in colonic vasculature. 

Dysfunction of the macrovasculature during acute
graft-versus-host disease
As aGvHD is associated with severe signs of microvas-

cular dysfunction, we became interested if aGvHD also
influences the physiological functions of macrovascula-
ture as suggested previously.18 We examined vessel con-
traction and relaxation in mouse mesenteric arteries dur-
ing aGvHD versus no aGVHD after HSCT by myographic
measurements. We found that maximum contraction of
mesenteric arteries in response to high doses of noradren-
aline (NA) and phenylephrine (Phe) was not significantly
changed (Online Supplementary Figure S4A and B).
However, partial contraction at lower doses of NA and
Phe was moderately increased during aGvHD versus no
aGvHD (Online Supplementary Figure S4C and D). In addi-
tion, fractional relaxation after maximum contraction in
response to ACh was slower in arteries from allo-HSCT
recipients with aGvHD (Online Supplementary Figure S4E).
Taken together we found increased contraction and
reduced relaxation potential of mesenteric arteries during
aGvHD indicating systemic hypertension. 

Gene expression changes of endothelial cells during
acute graft-versus-host disease
In order to better understand the molecular pathways

involved in endothelial dysfunction during aGvHD we
performed gene array expression analysis of flow cytom-
etry sorted hepatic EC from HSCT recipients with
aGvHD versus without aGvHD at day+15. We found sig-

nificant endothelial gene expression changes in comple-
ment activation, apoptosis, oxidative damage, IL-1 sig-
naling and cell cycle during aGvHD (Online
Supplementary Figures S5, S6 and S7; Online Supplementary
Table S3). Furthermore, barrier function and cytoskeleton
pathways were differentially regulated, including expres-
sion changes of Rho GTPases (Online Supplementary Table
3). We performed interaction analysis of selected
endothelium-specific genes (Online Supplementary Figure
7) and found differential expression of Cdh1 and Cdh13
(coding for cadherins), Thbd (coding for thrombomod-
ulin), Vegfc (coding for vascular endothelial growth factor
c) and Anpgt1/2 (coding for angiopoietin 1 and 2). In sum-
mary, we detected endothelial gene expression changes
in different clinically relevant pathways during aGvHD
providing possible targets for future therapeutic inter-
ventions. 

Inflammatory activity and endothelial damage during
steroid-refractory acute graft-versus-host disease
Since recent clinical data has provided evidence on the

importance of endothelial pathology specifically in SR-
aGVHD,12,17,28-31 we decided to characterize both inflam-
matory infiltrates and endothelial damage in this setting.
Based on previous data,22 we first performed dose-finding
studies with steroids in different aGvHD models to estab-
lish a protocol with progressive aGvHD despite high dose
steroid treatment. Treatment with dexamethasone start-
ing at day+4 after allo-HSCT, showed progressive
aGvHD in our models (Online Supplementary Figure S1;
Figure 5).  
We analyzed vascular pericyte coverage as well as

infiltration by CD4+ donor T cells in dexamethasone-
treated SR-aGvHD versus untreated aGvHD at day+15
after allo-HSCT. We found reduced inflammatory T-cell
infiltrates in SR-aGvHD versus untreated aGvHD (Figure
5A to D). The predominant remaining cell population in
colon during SR-aGvHD were CD4+ and CD8+ T cells
(Figure 5 C and D) as well as CD11b+ and F4/80+ myeloid
cells (Online Supplementary Figure S8A and B). Endothelial
damage as quantified by pericyte coverage reduction in
colon vessels was equally severe in SR-aGvHD and
untreated aGvHD (Figure 5E). In order to connect the
experimental findings to the clinical context of SR-
aGvHD, we quantified leukocyte infiltration in intestinal
biopsies of patients at diagnosis of aGvHD and at later
time points of SR-aGvHD in two independent cohorts.
Figure panels 5F to J demonstrate significant lower infil-
tration of CD45+ leukocytes in colon biopsies as well as
duodenum biopsies (Figure 5I). The leukocyte reduction
was mainly due to significantly lower infiltration by
CD3+ T cells in colon biopsies (Figure 5K, L, M and O) as
well as duodenum biopsies (Figure 5N) during SR-
aGvHD versus aGvHD at time of diagnosis. Figure 5K
gives a typical example of colonic aGvHD at onset with
high levels of inflammatory infiltrates by CD3+ T cells
and Figure 5L a representative colonic section after
steroid treatment and diagnosis for SR-aGvHD, demon-
strating reduced inflammatory infiltrates. In addition, we
performed caspase 3 staining and demonstrated a high
level of endothelial apoptosis during aGvHD both at
diagnosis as well as during SR-aGVHD (Figure 5P). A
typical example of high inflammatory activity at aGvHD
diagnosis time point and low level of inflammatory
activity at diagnosis of SR-GvHD in combination with
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considerable tissue damage in hematoxylin and eosin
(H&E) staining is given in the Online Supplementary Figure
S8, panels C and D. Patient characteristics and clinical
information is given in the Online Supplementary Tables S4
to S6. Our data indicates that inflammatory activity in
intestinal tissues is reduced after steroid treatment, while
the endothelial damage is not influenced by steroid treat-
ment during SR-aGvHD. 

Endothelial protection by PDE5 inhibition in acute
graft-versus-host disease (aGvHD) and 
steroid-refractory aGvHD 
Based on our results demonstrating extensive endothe-

lial damage and reduced inflammatory T-cell infiltration
during SR-aGvHD, we hypothesized that pharmacologic
protection of the endothelium would have stronger pro-
tective effects on SR-aGvHD versus treatment of aGvHD

Figure 4. Structural changes of vasculature in tar-
get organs during acute graft-versus-host disease
by scanning light sheet fluorescence microscopy.
We analyzed organs at day+15 after experimental
hematopoietic stem cell transplantation (HSCT) in
the chemotherapy based B6→BDF model. Control
groups (no aGvHD) were transplanted with the
same bone marrow (BM) cell numbers and T-cell
numbers from syngeneic donors. (A and B) VE-cad-
herin signal of vasculature in colon of (A) allogene-
ic-HSCT (allo-HSCT) recipients without aGvHD and
(B) allo-HSCT recipients with aGvHD. (C-D)
Computed three-dimensional (3D) model of
colonic vasculature with number of branches
(blue= low branch levels; red= high branch levels)
of (C) allo-HSCT recipients without aGvHD and (D)
allo-HSCT recipients with aGvHD. (E to G) Analysis
of colonic vasculature parameters. Assessment of
(E) total number of branches (F) distribution of
vessels branching level and (G) vessel diameter
distribution in allo-HSCT recipients with aGvHD
versus without aGvHD. Significance of total num-
ber of branches was tested by Student’s t-test
(***P<0.001; n=3 animals per group) and signifi-
cance of vessel branching level was tested by two-
way ANOVA with Tukey’s multiple comparison test
(***P<0.001; n=3 animals per group). Error bars
indicate mean ± standard error of the mean.
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at its initiation stage. As a first example for such an
approach, we used the PDE5 inhibitor sildenafil, which
has been demonstrated to normalize endothelial dysfunc-
tion in vivo in different settings.32-39 First, we tested silde-
nafil in vitro for EC protection from cytotoxic damage,
mediated by etoposide. Sildenafil protected EC from
etoposide-induced reduction of endothelial metabolic
activity and proliferation (Figure 6A). Sildenafil signifi-
cantly reduced etoposide-induced endothelial apoptosis,
as quantified by Casp3+ staining (Figure 6B). For co-stim-
ulatory capacity, we checked CD86high expression of EC
by flow cytometry. Sildenafil treatment resulted in a sig-
nificant reduction of etoposide-induced CD86 expression
on EC (Figure 6C). Our data demonstrate a protective
effect of sildenafil on etoposide-induced endothelial dys-
function in vitro. 
We tested the effect of sildenafil in our experimental

models of aGvHD (Figure 7A to F) and SR-aGvHD (Figure
7G to L). In the aGvHD model without steroid treatment,
we found that sildenafil treatment had no significant effect
on survival (Figure 7A). However, sildenafil-treated allo-
HSCT recipients with aGvHD had significantly lower clin-
ical scores at different time points (Figure 7B) as well as
lower histopathological aGvHD scores in the liver (Figure
7C) and colon (Figure 7D) as compared to untreated allo-
HSCT recipients with aGvHD. In addition, we found a
non-significant trend towards reduced costimulatory
capacity and antigen presentation potential of hepatic EC
under sildenafil treatment (Figure 7E and F). The vascular
density (Online Supplementary Figure S9A) as well as the
density of lymphatic vessels was not significantly affected
by sildenafil treatment (Online Supplementary Figure S9B).
During SR-aGvHD, sildenafil treatment significantly

improved survival (Figure 7G). Due to high mortality,
clinical scoring was only significant in the early phase
(Figure 7H). Histopathological aGvHD scores in the iver
(Figure 7I) and colon (Figure 7J) were significantly reduced
in sildenafil-treated allo-HSCT recipients with SR-
aGvHD. Additionally, we found a trend towards reduced
co-stimulatory capacity as well as significantly reduced
antigen presentation potential of hepatic EC in sildenafil-
treated SR-aGvHD, demonstrated by lower MHC class I
and II expression (Figure 7K). We confirmed these find-

ings in another murine aGvHD model (129→B6, MHC-
matched, Online Supplementary Figure S10). We found
non-significant trends towards increased vascular density
(Online Supplementary Figure S9C) and lymphatic vascular
density in sildenafil-treated SR-GvHD versus controls
(Online Supplementary Figure S9D). Next, we analyzed the
effect of sildenafil on the endothelium during SR-aGvHD
with electron microscopy analyses of liver and colon tis-
sues (Figure 7M to P). We found endothelial damage in
the liver and colon in untreated and sildenafil-treated SR-
aGvHD. However, the sildenafil treated SR-aGvHD
group showed reduced endothelial ruptures in liver
(Figure 7N) and less prominent fibrinogen deposits in
colonic biopsies (Figure 7P).  
In order to analyze for effects of sildenafil on T-cell pro-

liferation, we performed in vivo proliferation assays with
carboxyfluorescein succinimidyl ester (CFSE) labeled allo-
geneic T cells. In irradiated mice, sildenafil had no signif-
icant effects on in vivo proliferation of allogeneic T cells
(Online Supplementary Figure S11A to C). We next ana-
lyzed and quantified the impact on sildenafil on immune
cell subsets in peripheral blood during SR-aGvHD and
found no significant differences (Online Supplementary
Figure S11D to M). Our data suggest that the observed
positive effect of sildenafil on SR-aGvHD is predominant-
ly mediated by its effect on EC as opposed to effects on
immune cells. 

Discussion

The standardized and well-described aGvHD mice
models provide the unique opportunity to experimentally
address the role of endothelial dysfunction after HSCT.
We found that severe endothelial damage, structural
changes of the vasculature and endothelial dysfunction
occur during aGvHD. Due to lack of suitable animal mod-
els, less detailed data is available for other important
endothelium-related complications of allo-HSCT, such as
veno-occlusive disease and transplantation-associated
microangiopathy. In line with the experimental results,
we found that endothelial damage is present in the colon
and duodenum of patients with severe aGvHD. This find-

Figure 6. Reduction of endothelial apoptosis and endothelial activation by sildenafil in vitro. Mouse cardiac endothelial cells (MCEC) were incubated with either
phosphate buffered saline (PBS)/ 0,1% dimethylsulfoxide (DMSO) (control  [ctr]), 100 nm etoposide (eto), an inducer of cell death, or with 100 nm etoposide and
34 nm sildenafil (eto+sil) for 24 hours before analysis. (A) MTT assay showed higher optical density of eto+sil group versus eto-only group. (B) Staining for apoptotic
cell marker caspase 3 (Casp3) showed reduced Casp3+ cells per high-power field (HPF) in eto+sil group compared to eto-only group. (C) Flow cytometry analysis of
CD86, a costimulatory and endothelial activation marker, showed reduced percentage of endothelial CD86high cells in eto+sil group compared to eto-only group.
Significance was tested by Student’s t-test (*P<0.05; n=2-3 experiments with at least triplicates per condition). Error bars indicate mean ± standard error of the
mean.
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ing is consistent with a previously published study,
demonstrating increased endothelial injury in human skin
biopsies during aGvHD.10 Additionally, a series of clinical
studies have collected supporting evidence on increased
endothelial dysfunction during aGvHD, such as high
numbers of circulating EC40-43 and elevated serum levels of
the endothelial stress markers ST2, von Willebrand factor,
angiopoietin 2 and thrombomodulin.31,44-46
We have previously shown that aGvHD is associated

with increased angiogenesis in target organs.8,47 In the cur-
rent study, we used light sheet fluorescence microscopy to
demonstrate that target organ aGvHD is associated with
vascular structural changes in terms of higher branching
levels and larger diameter of the vasculature. Taking into
account the available evidence from our previous studies
as well as the experiments from this manuscript, it
becomes clear that vascular destruction as well as patho-
logical angiogenesis occur in parallel in the early phase
during aGvHD in target organs. These processes finally

result in restructuring of the vasculature as visualized and
quantified in Figure 4. Interestingly, increased branching
levels of vasculature were first reported during pathologi-
cal angiogenesis in malignant tumors.48 This finding led to
the concept of ‘vascular normalization’ to improve anti-
tumor therapies.49 However, the significance of pathologi-
cal vascular organization with increased branching level
for the pathophysiology of aGvHD and possible therapeu-
tic implications remains to be determined. 
We found that the expression of tight junction- and

adherence junction proteins were reduced during
aGVHD, leading to increased vascular permeability in
aGvHD target organs after allo-HSCT. The role of tight
junction- and adherence junction proteins for vascular
barrier maintenance50-52 as well as leukocyte transmigra-
tion53,54 has been described previously. Additionally, the
promotion of the adherence junction protein VE-cadherin
in tumor vasculature increased T-cell infiltration into the
tumor.55 These findings may open a new window for

Figure 7. In vivo treatment of acute graft-versus-host disease (aGvHD) and steroid-refractory-aGvHD with sildenafil. (A to G) Treatment of aGvHD with 10 mg/kg/d
sildenafil after experimental allogeneic hematopoietic stem cell transplantation (allo-HSCT) at day+15 after experimental allo-HSCT in the radiation based
B6→BALB/c model. (A) Survival analysis and (B) clinical aGvHD manifestations of sildenafil (sil) treated allo-HSCT recipients with aGvHD versus control substance
phosphate buffered saline/dimethylsulfoxide (PBS/DMSO, control [ctr]) treated allo-HSCT recipients with aGvHD. Histopathological assessment of aGvHD manifes-
tations in (C) liver and (D) colon in sildenafil versus control substance treated allo-HSCT recipients at day+15. Flow cytometry quantification of (E) major histocom-
patibility complex I (MHCI) and MHCII expression and (F) CD80 and CD86 expression of isolated liver sinusoidal endothelial cells of sildenafil versus control substance
treated allo-HSCT recipients at day+15. (G to L) Treatment with 10 mg/kg/d sildenafil in a murine model of SR-aGvHD at day+15 after experimental allo-HSCT in the
radiation based B6→BALB/c model.  (continued on next page.)
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Figure 7. (G) Survival analysis and (H) clin-
ical aGvHD manifestations of sildenafil
(SR-aGvHD+sil) versus control substance
treated (SR-aGvHD+ctr) SR-aGvHD.
Histopathological assessment of aGvHD
severity in (I) liver and (J) colon in SR-
aGvHD+sil and SR-aGvHD+ctr at day+15
after allo-HSCT. Flow cytometry quantifi-
cation of (K) MHCI and MHCII expression
and (L) CD80 and CD86 expression of iso-
lated liver sinusoidal endothelial cells of
SR-aGvHD+sil and SR-aGvHD+ctr at
day+15 after allo-HSCT. Significance was
tested by Kaplan-Meier method and com-
pared with the Mantel-Cox log-rank test
(*P<0.05; n=8-10 animals per group) and
Student’s t-test (*P<0.05; **P<0.01;
n=6 animals per group). Error bars indi-
cate mean ± standard error of the mean.
Survival data was pooled from two experi-
ments. All experiments were reproduced
in a biological independent experiment
and shown are representative results of
one experiment. (M to P) Visualization of
SR-aGvHD and sildenafil treated SR-
aGvHD associated ultrastructural
changes in the liver and the colon by
transmission electron microscopy. Shown
are typical pictures of sections from liver
and colon taken at day+15 after experi-
mental allo-HSCT in the chemotherapy
based 129→B6 model. (M and N)
Sinusoidal liver endothelial monolayer
during SR-aGvHD and sildeanfil (sil) treat-
ed SR-aGvHD. (M) Liver sinusoidal vessel
of untreated SR-aGvHD with destroyed
and unregularly shaped endothelial
monolayer, marked by a red circle. (N)
Liver sinusoidal vessel of Sildenafil treat-
ed SR-aGvHD with small ruptures of the
endothelial monolayer, marked by a red
circle. (O and P) Colonic mucosa endothe-
lium during SR-aGvHD and sildeanfil
treated SR-aGvHD. (O) The vessel of
untreated SR-aGvHD is surrounded by
massive perivascular fibrinogen deposits
marked by a red rhombus. (P)
Occasionally little perivascular fibrinogen
deposits, marked by a red rhombus, could
be detected in sildenafil treated SR-
aGvHD. V: vessel lumen; E: erythrocyte; N:
nucleus; red rhombus: perivascular fib-
rinogen deposits; red circle: loss of
endothelium; red trapezoid: endothelial
convolution).
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aGvHD therapies aiming at reducing vascular permeabil-
ity and stabilization of vascular tight-junctions as well as
adherence-junctions. Vestweber and colleagues have gen-
erated mice with stabilized endothelial junctions; these
mice had strongly reduced neutrophil and lymphocyte
recruitment into inflamed tissues.56 Examples for a thera-
peutic approach derive from the field of sepsis where
reduction of vascular permeability with the αVb3 antag-
onist cilengitide57 or with an antibody binding to
angiopoietin 2 and TIE258 which led to substantial biolog-
ical benefits. 
Recent clinical studies suggest a role of endothelial

pathology particularly in SR-aGvHD13,14,17,28,29,31 and a high
medical need for development of respective therapies.
We now demonstrate in two independent clinical cohorts
as well as in experimental models that inflammatory infil-
tration in target organs is considerably reduced compared
to aGvHD at diagnosis. Consequently, we found that
dexamethasone treatment did not significantly reduce the
severity of endothelial damage during SR-aGvHD. Pavan
Reddy’s group recently published the results of extensive
experiments in murine models of SR-GvHD. In line with
our findings, their results point towards the existence of
T-cell independent mechanisms in the pathophysiology
of SR-GvHD.23 This may explain the historically disap-
pointing clinical results of immunosuppressive treatments
for SR-aGvHD. The low inflammatory status in connec-
tion with considerable endothelial pathology provides a
rationale for therapies protecting the endothelium during
SR-aGvHD. Based on previous encouraging data on nor-
malization of endothelial dysfunction,32-39 we used the
PDE5 inhibitor sildenafil as a first attempt to treat SR-
aGvHD by an ‘endothelium-protective’ approach.
Sildenafil treatment ameliorated aGvHD and the effect
was more pronounced in case of SR-aGvHD compared
with previously untreated aGvHD. The latter observation
may be explained by the high level of tissue inflammation
in non-glucocorticoid treated aGvHD mice superimpos-
ing the beneficial effects of sildenafil on EC. However, we
cannot exclude the possibility of a synergistic effect of
sildenafil with steroids in our models. 
The direct mechanisms of sildenafil treatment on the

course of SR-aGvHD remain unclear. However, improve-
ment of vascular barrier function and reduction of EC
apoptosis probably contribute to the beneficial effects of
sildenafil. During aGvHD we found increased vascular
permeability in target organs and alterations of Rho
GTPases, who are critical regulators of endothelial barrier
function.59 Sildenafil-mediated stabilization of endothelial
barrier function60,61 as well as impact of sildenafil on regu-
lation of Rho GTPases62 have been described previously.
We found that apoptosis and expression of relevant genes,

such as nitric oxide synthase (Nos3) and BCL-2, was
increased in target organ EC during aGvHD. Sildenafil has
been shown to have cyto-protective effects by regulation
of nitric oxide synthase 3 signaling and BCL-2 expres-
sion.63 In addition, sildenafil may have positive effects by
stabilizing vessel surrounding pericytes and thereby vas-
cular integrity: PDE5 targets cGMP, which has been
demonstrated to inhibit the proliferation of smooth mus-
cle cells by causing a delay in G1/S transition in the cell
cycle.64 Interestingly, we detected differentially regulated
cell cycle genes in EC during aGvHD. Of note, we found
that sildenafil treatment led to reduction of aGvHD-asso-
ciated expression of co-stimulatory molecules on target
organ EC. However, our finding that sildenafil had no sig-
nificant effects on in vivo proliferation of allogeneic donor
T cells in irradiated hosts argue against the biologic signif-
icance of the observed impact of sildenafil on EC co-stim-
ulatory molecule expression during aGvHD. 
In conclusion, our results demonstrate extensive dam-

age, structural changes, and dysfunction of the vascula-
ture during aGvHD, and our findings suggest a novel con-
cept of therapeutic intervention by endothelium-protect-
ing agents as an attractive treatment approach for SR-
aGvHD. A likely future perspective is to test endotheli-
um-targeting approaches complementing treatment
options with proven efficacy in SR-aGvHD, such as JAK-
2 inhibition.65
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Hereditary hemorrhagic telangiectasia (HHT, Osler-Weber-Rendu
disease) is a rare multisystem vascular disorder that causes chronic
gastrointestinal bleeding, epistaxis, and severe anemia.

Bevacizumab, an anti-vascular endothelial growth factor antibody, may be
effective to treat bleeding in HHT. This international, multicenter, retro-
spective study evaluated the use of systemic bevacizumab to treat HHT-
associated bleeding and anemia at 12 HHT treatment centers. Hemoglobin,
Epistaxis Severity Score (ESS), red cell units transfused, and intravenous
iron infusions before and after treatment were evaluated using paired
means testing and mixed-effects linear models. Bevacizumab was given to
238 HHT patients for a median of 12 (range, 1-96) months. Compared with
pretreatment, bevacizumab increased mean hemoglobin by 3.2 g/dL (95%
confidence interval: 2.9-3.5 g/dL); i.e., from a mean hemoglobin of 8.6 (8.5-
8.8) g/dL to 11.8 (11.5-12.1) g/dL; P<0.0001) and decreased the ESS by 3.4
(3.2-3.7) points (mean ESS 6.8 [6.6-7.1] versus 3.4 [3.2-3.7]; P<0.0001) during
the first year of treatment. Compared with 6 months before treatment, the
number of red blood cell units transfused decreased by 82% (median of 6.0
[interquartile range, 0.0-13.0] units versus 0 [0.0-1.0] units; P<0.0001) and
iron infusions decreased by 70% (median of 6.0 [1.0-18.0] infusions versus
1.0 [0.0-4.0] infusions, P<0.0001) during the first 6 months of bevacizumab
treatment. Outcomes were similar regardless of the underlying pathogenic
mutation. Following initial induction infusions, continuous/scheduled
bevacizumab maintenance achieved higher hemoglobin and lower ESS
than intermittent/as-needed maintenance but with more drug exposure.
Bevacizumab was well tolerated: hypertension, fatigue, and proteinuria
were the most common adverse events. Venous thromboembolism
occurred in 2% of patients. In conclusion, systemic bevacizumab was safe
and effective for managing chronic bleeding and anemia in HHT.
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ABSTRACT



Introduction

Hereditary hemorrhagic telangiectasia (HHT, Osler-
Weber-Rendu disease) is an autosomal dominant multi-
system disease of disordered angiogenesis.1 It occurs due
to mutations in genes encoding proteins that mediate sig-
naling via the transforming growth factor-b superfamily.2
The vast majority of patients with HHT have mutations
in endoglin (ENG) or activin receptor-like kinase 1
(ACVRL1/ALK1), resulting in angiogenic dysregulation,
formation of telangiectasias on mucocutaneous surfaces,
local hyperfibrinolysis within telangiectasias, and devel-
opment of arteriovenous malformations in visceral
organs.3-5 Fragile mucocutaneous telangiectasias in the
nasal mucosa (>95% of patients) and throughout the gas-
trointestinal tract (75% of patients) lead to severe, recur-
rent epistaxis and chronic gastrointestinal bleeding, with
consequent severe iron deficiency anemia that is often
transfusion-dependent.6-8 Severe recurrent epistaxis,
which may last for hours per day, also results in psy-
chosocial morbidity, social isolation, and challenges with
employment, travel, and routine daily activities.9 Visceral
arteriovenous malformations may involve the liver, lung,
and central nervous system and can result in severe com-
plications including high-output cardiac failure, liver fail-
ure, pulmonary hemorrhage, stroke and intracerebral
hemorrhage.10 Thus, chronic bleeding and visceral arteri-
ovenous malformations in HHT are associated with con-
siderable morbidity and mortality.10,11
With a prevalence of one case in 5,000 people, HHT is

classified as a rare bleeding disorder by the Centers for
Disease Control and Prevention, but is actually the sec-
ond most common hereditary bleeding disorder in the
USA and worldwide (following only von Willebrand dis-
ease in prevalence). Despite this, there are no United
States Food and Drug Administration or European
Medicines Agency-approved treatments for HHT-associ-
ated bleeding. The current standard of care for bleeding in
HHT includes supportive red blood cell (RBC) transfusion
and intravenous iron infusion to treat anemia and local
nasal and endoscopic hemostatic procedures to reduce
bleeding symptoms. Systemic non-specific hemostatic
therapies, such as antifibrinolytic agents, are of limited
benefit.12 Most importantly, none of these modalities
addresses the underlying pro-angiogenic pathophysiolo-
gy, and the natural history of HHT in many patients is of
unremitting telangiectasia formation and progressively
worsening bleeding over the lifespan.9,13-15
Although several angiogenic proteins are dysregulated

in HHT,5,16 the raised level of vascular endothelial growth
factor (VEGF)17 is of particular clinical interest due to the
availability of targeted anti-VEGF agents. Bevacizumab
(Avastin®), a recombinant, humanized monoclonal IgG1
antibody that binds to and neutralizes circulating VEGF, is
one such agent and is widely used to treat malignancies
and age-related macular degeneration.18,19 After promising
case reports were published describing successful use of
systemic bevacizumab to manage bleeding and anemia in
HHT,20-22 several HHT Centers of Excellence worldwide
began using this agent off-label to treat HHT patients,
given the profound unmet clinical need. Currently, data
describing effectiveness and safety of systemic beva-
cizumab to treat chronic bleeding and anemia in HHT is
limited to case reports and small, retrospective, single-
center case series.23-28 The International HHT Intravenous

Bevacizumab Investigative Team study of Bleeding
(InHIBIT-Bleed) was therefore designed as an internation-
al collaboration of 12 HHT centers seeking to better
define the safety and effectiveness of systemic beva-
cizumab in the treatment of moderate-to-severe HHT-
associated bleeding. 

Methods

Patients and data collection
This study was approved by the Institutional Review Board of

Partners Healthcare (approval 2016P002753/PHS). Nine centers
in the USA and one center each in Argentina, Israel, and France
participated in the study. All patients aged >18 years treated
with systemic (intravenous) bevacizumab for HHT-associated
bleeding (epistaxis, gastrointestinal bleeding, or both) from
January 1, 2011 until May 1, 2019 were identified at each partic-
ipating institution. General criteria used by centers to offer sys-
temic bevacizumab for HHT-associated bleeding are detailed in
Online Supplementary Table S1. Additional data collection infor-
mation is given in the Online Supplementary Methods. 

Effectiveness measures
Hemoglobin
Anemia was defined as a baseline hemoglobin (Hb) <11 g/dL

regardless of gender. Baseline hemoglobin was calculated as the
average of all measured hemoglobin values in the 6 months prior
to bevacizumab initiation (at least 2 values required) and com-
pared with mean on-treatment hemoglobin (mean of values col-
lected at 3, 6, 9, and 12 months depending on treatment dura-
tion).

Epistaxis Severity Score
Background information regarding the Epistaxis Severity

Score (ESS) is provided in the Online Supplementary Methods. The
baseline ESS at initiation of bevacizumab was compared with
the mean on-treatment ESS (mean of values collected at 3, 6, 9,
and 12 months depending on treatment duration). 

Red blood cell transfusion and iron infusion
The number of red blood cell (RBC) units transfused in the

first 6 months on treatment was compared with the number of
units transfused in the 6 months prior to treatment.
Additionally, events in the second 6 months on treatment were
compared with those in the first 6 months on treatment to eval-
uate ongoing response. The same analysis was performed for
the number of intravenous iron infusions administered.
To be included in effectiveness analyses, patients needed to

receive ≥3 months of treatment (Hb and ESS) or ≥6 months of
treatment (RBC transfusion and iron infusion).

Subgroup analyses
Subgroup analyses for each effectiveness outcome were per-

formed by genotype (ENG vs. ACVRL1 mutation) as well as by
maintenance dosing method (continuous vs. intermittent beva-
cizumab maintenance following an initial series of induction
infusions). 

Receipt of concurrent bleeding and anemia-directed
therapies
Rates of freedom from hemostatic procedures and medical

treatments (antifibrinolytic or erythropoiesis-stimulating agents)
in the year following bevacizumab initiation were calculated,
and effectiveness outcomes in patients who received these con-
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current HHT-directed therapies were compared to those in
patients who did not receive concurrent HHT-directed therapies.

Safety analysis
Treatment-emergent adverse events (TEAE) were defined

according to Common Terminology Criteria for Adverse Events
v. 5.0 (National Cancer Institute) and recorded. To evaluate any
impact of longer-term treatment on TEAE incidence, the number
of TEAE per patient in those treated for 2 years or longer was
compared with the number of TEAE per patient in those treated
for less than 2 years.

Statistical analysis
Baseline hemoglobin concentration and ESS were compared

with on-treatment mean values using the paired t-test.
Pretreatment RBC transfusion and iron infusion requirements
were compared with on-treatment values using the Wilcoxon
signed-rank test. To estimate the change in each outcome meas-
ure over time on treatment utilizing a method robust in the set-
ting of missing data, a mixed effects linear model with a random
intercept was also used for each outcome measure. Additional
details regarding statistics, including analysis of subgroups, are
detailed in the Online Supplementary Methods.

Results

Patients’ characteristics
Two hundred fifty-seven HHT patients were treated

with systemic bevacizumab for epistaxis, gastrointestinal
bleeding, or both for the purpose of alleviating bleeding
and consequent iron-deficiency anemia at the 12 partici-
pating centers during the study period. After 19 patients
had been excluded because of inadequate chart data
(missing baseline data or incomplete bevacizumab dosing
information), 238 patients were included in the data
analysis. Table 1 lists the patients’ baseline characteristics.
Patients were treated for a median of 12 (range, 1-96)
months, receiving a median of 11 (range, 1-74) infusions
of intravenous bevacizumab. This totaled 343.9 patient-
years of systemic bevacizumab treatment of HHT-associ-
ated bleeding in the cohort. 

Bevacizumab induction and maintenance dosing
Specific dosing protocols were institution-dependent.

Two hundred twenty-one patients (93%) began treat-
ment by receiving four to six induction infusions of beva-
cizumab 5 mg/kg administered every 2 weeks; 46 (19%)

InHIBIT-Bleed: bevacizumab for bleeding in HHT
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Table 1. Baseline characteristics of 238 patients with hereditary hemorrhagic telangiectasia treated with bevacizumab for chronic bleeding and
iron deficiency anemia. 
Characteristic                                                                                            Value

Age (years), mean (range)                                                                                          63 (29-91)
% Female                                                                                                                          62
% Definite HHT by Curaçao criteriaa                                                                          97
Genetic mutation (HHT subtype)a                                                                             ENG (HHT-1): 52 (22%)
                                                                                                                                             ACVRL1 (HHT-2): 92 (39%)
                                                                                                                                             SMAD4 (HHT-JPS): 4 (2%)
                                                                                                                                             Other pathogenic HHT mutation: 6 (3%)
                                                                                                                                             Mutation not identified: 4 (2%)
                                                                                                                                             Genetic testing not done: 80 (34%)
Baseline GI AVM and prior treatments                                                                     Known upper GI AVM: 148 (62%)
                                                                                                                                             Known lower GI AVM: 47 (20%)
                                                                                                                                             Received local endoscopic hemostatic treatments: 119 (50%)
Baseline comorbidities relevant to bevacizumab treatment                              Hypertension: 67 (29%)
                                                                                                                                             Chronic kidney disease: 14 (6%)
                                                                                                                                             Diabetes mellitus: 20 (9%)
                                                                                                                                             High-output heart failure: 32 (14%)
                                                                                                                                             Prior venous thromboembolism: 27 (11%)
Primary bleeding source                                                                                              Epistaxis: 99 (42%)
                                                                                                                                             GI bleeding: 46 (19%)
                                                                                                                                             Both epistaxis and GI bleeding: 93 (39%)
Mean baseline hemoglobin (95% CI)                                                                        Treated for anemia (baseline Hb <11) (N=197): 8.6 g/dL (8.4, 8.8)
                                                                                                                                             All patients (N=232): 9.1 g/dL (8.9, 9.4)
Mean baseline epistaxis severity score (95% CI)                                                  Treated for epistaxis (N=175): 6.75 (6.52, 6.99)
                                                                                                                                             All patients (N=213): 5.92 (5.60, 6.24)
Prior local hemostatic treatments for epistaxis                                                    Any treatment: 182 (77%)
                                                                                                                                             Laser cautery: 118 (50%)
                                                                                                                                             Electrical or chemical cautery: 112 (47%)
                                                                                                                                             Nasal septodermoplasty: 38 (16%)
                                                                                                                                             Nasal sclerotherapy: 58 (24%)
                                                                                                                                             Nasal embolization: 21 (9%)
                                                                                                                                             Bevacizumab nasal spray: 26 (10%)
                                                                                                                                             Septal bevacizumab injection: 23 (9%)
                                                                                                                                             Nasal closure (Young’s procedure): 9 (4%)
Prior nasal septum perforation (%)                                                                           32 (13%)
aThe Curaçao criteria are used to establish the diagnosis of hereditary hemorrhagic telengiectasia (HHT); the presence of three or four out of four criteria denotes “definite
HHT”, while the presence of two out of four criteria signifies “possible HHT”. Genetic testing is not required for a diagnosis of HHT but is done to identify HHT subtype. 95% CI:
95% confidence interval; GI, gastrointestinal. AVM, arteriovenous malformation. JPS, juvenile polyposis syndrome.



also received an additional four induction infusions
administered every 4 weeks. Induction courses typically
lasted 2-4 months but never extended beyond 6 months.
A total of 181 patients received maintenance treatment,
which was defined as additional bevacizumab doses
administered to prevent or treat recurrent bleeding after
completion of the initial induction infusion course. These
maintenance doses were administered using one of two
different protocols. The majority of patients (n=136)
received continuous maintenance, defined as bevacizum-
ab administered on a regular schedule every 4-12 weeks.
The remainder (n=45) received intermittent maintenance,
defined as retreatment only following recurrence or wors-
ening of bleeding symptoms or anemia, with one to four
doses administered every 2 weeks once the need for
maintenance was triggered. Ninety-two percent of
patients were given maintenance doses of 5 mg/kg per
infusion (regardless of maintenance schedule) but doses
of 1, 2.5, 3, and 7.5 mg/kg were also used occasionally.
Compared with the relatively universal induction dose
intensity of 10.0 mg/kg/month, mean maintenance dose
intensity was 4.0 mg/kg/month in patients receiving con-
tinuous maintenance and 3.0 mg/kg/month in patients
receiving intermittent maintenance.

Effect of bevacizumab on hemoglobin concentration
Of the 197 anemic (Hb <11 g/dL) patients treated, 185

patients had been treated for ≥3 months and were includ-
ed in the hemoglobin analysis. Mean hemoglobin
increased by 3.2 g/dL (95% confidence interval [95% CI]:
2.9-3.4, P<0.0001) from baseline following bevacizumab
treatment (Table 2). In the evaluation of on-treatment
mean hemoglobin, freedom from anemia (Hb ≥11 g/dL)
was observed in 67% (n=123/185) of patients. In the eval-
uation of hemoglobin values at each time point, freedom
from anemia was observed in 64% of patients at 3

months, 73% at 6 months, 76% at 9 months, and 71% at
12 months (Figure 1A). The change in hemoglobin con-
centration from baseline to on-treatment ranged from a
1.0 g/dL reduction to a 7.9 g/dL increase. A mixed linear
model estimated the improvement in mean hemoglobin
at between 3.0 g/dL (95% CI: 2.7-3.3 g/dL; P<0.0001) and
3.4 g/dL (95% CI: 3.1-3.7 g/dL; P<0.0001) at each time
point, stable over the course of treatment (Online
Supplementary Table S2, Online Supplementary Figure S1A).

Effect of bevacizumab on Epistaxis Severity Score
Of the 175 patients treated for epistaxis with complete

ESS data available, 146 patients had been treated for ≥3
months and were included in the ESS analysis. Mean ESS
decreased by 3.37 points (95% CI: -3.69 to -3.05;
P<0.0001) from baseline following bevacizumab treat-
ment (Table 2). Change in ESS from baseline to on-treat-
ment ranged from a 1.92-point increase to a 10-point
reduction. A clinically meaningful reduction in epistaxis
(ESS decrease of ≥0.71 post-treatment) was seen in 92%
(n=132/146) of patients. The ESS reduction was evident
by 3 months (Figure 1B). A mixed linear model estimated
the decrease in mean ESS to be between -2.96 (95% CI: -
3.26 to -2.66; P<0.0001) and -3.73 (95% CI: -4.05 to -3.43;
P<0.0001) at each time point, stable over the course of
treatment (Online Supplementary Table S2, Online
Supplementary Figure S1B).

Effect of bevacizumab on red blood cell transfusion
All patients
A total of 191 patients who had been treated for ≥6

months had complete RBC transfusion data available and
were included in the RBC transfusion analysis. In analysis
of all included patients (those who required RBC transfu-
sion in the 6 months pretreatment and those who did
not), the median number of RBC units transfused
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Table 2. Impact of bevacizumab on hemoglobin, Epistaxis Severity Score, red blood cell transfusions, and iron infusions over the first year of treatment.  
Hemoglobin and Epistaxis Severity Score

Outcome                                        Baseline            3 months             6 months             9 months            12 months                   Mean                  Baseline vs. 
                                                                                                                                                                                                on treatment      mean on treatment,
                                                                                                                                                                                                                              mean difference 
                                                                                                                                                                                                                                    (95% CI)

Hemoglobin (g/dL), mean              8.6 (8.5, 8.8)      11.6 (11.3, 11.9)     12.1 (11.8, 12.4)     12.0 (11.7, 12.4)      12.1 (11.7, 12.4)          11.8 (11.5, 12.1)            +3.2 (2.9, 3.4) 
(95% CI), baseline anemia                                                                                                                                                                                                                                  P<0.0001*
(Hb<11 g/dL) (n=185)
Epistaxis Severity Score,             6.81 (6.56, 7.06)   3.84 (3.49, 4.18)     3.02 (2.73, 3.31)     3.07 (2.70, 3.45)      3.22 (2.81, 3.62)          3.44 (3.17, 3.71)        -3.37 (-3.69, -3.05) 
mean (95% CI), treated for                                                                                                                                                                                                                                 P<0.0001*
epistaxis (n=146)                                        

RBC transfusion and iron infusion
Outcome                                                                      6 months          First 6 months          Second 6 months           Pretreatment vs. on treatment, median
                                                                                  pretreatment          on treatment              on treatment             difference (95% CI)

RBC transfusions, units, median                                       6.0 (0.0-13.0)              0.0 (0.0-2.0)                      0.0 (0.0-0.0)                   6 months pretreatment vs. 1st 6 months 
(interquartile range) (N=191)                                                                                                                                                                     on treatment: -4.0 (-6.0, -3.0), P<0.0001†

                                                                                                                                                                                                                              1st 6 months on treatment vs. 2nd 6 months 
                                                                                                                                                                                                                              on treatment: 0.0 (0.0, 0.0), P=0.0005†

Iron infusions, median                                                         6.0 (1.0-18.0)              1.0 (0.0-4.0)                      0.0 (0.0-2.0)                   6 months pretreatment vs. 1st 6 months 
(interquartile range) (N=183)                                                                                                                                                                     on treatment: -4.0 (-6.0, -1.0), P<0.0001†

                                                                                                                                                                                                                              1st 6 months on treatment vs. 2nd 6 months 
                                                                                                                                                                                                                              on treatment: 0.0 (0.0, 0.0), P<0.0001†

*By a paired t-test. Normality for hemoglobin and Epistaxis Severity Score data confirmed with the D’Agostino and Pearson test. †By the Wilcoxon signed-rank test. 95% CI: 95% confi-
dence interval; ESS: Epistaxis Severity Score; RBC: red blood cell.



decreased from 6.0 (interquartile range [IQR], 0.0-13.0) in
the 6 months pretreatment to 0.0 (IQR, 0.0-1.0) in the first
6 months after treatment (P<0.0001) (Table 2). This
improvement was maintained into the second 6 months
of bevacizumab treatment (median of 0.0 units, IQR 0.0-
0.0; P=0.0005). The findings of a mixed linear model were
similar (Online Supplementary Table S2, Online
Supplementary Figure S1C). 

Patients requiring prior red blood cell transfusion
In an analysis of only those patients who required RBC

transfusion in the 6 months prior to treatment (n=137),
the median number of RBC units transfused decreased
from 9.0 (IQR, 5.0-16.0) in the 6 months before treatment
to 0.0 (IQR, 0.0-2.0) in the first 6 months after treatment
(P<0.0001); 80/137 patients (58%), were RBC transfu-
sion-free. There was maintained and continued reduction
into the second 6 months of bevacizumab treatment
(median of 0.0 units, IQR 0.0-0.0; P=0.0005), with 97/121
(80%) being RBC transfusion-free (Figure 1C). The
decline in RBC transfusion requirements was observed
regardless of baseline disease severity (Figure 2A).

Effect of bevacizumab on iron infusion
All patients
A total of 183 patients who had been treated for ≥6

months had complete iron infusion data available and were
included in the iron infusion analysis. In the analysis of all
included patients (those who required iron infusion in the 6
months prior to treatment and those who did not), the
median number of iron infusions decreased from 6.0 (IQR,
1.0-18.0) in the 6 months before treatment to 1.0 (IQR, 0.0-
4.0) in the first 6 months after treatment (P<0.0001) (Table
2). This improvement continued into the second 6 months
of bevacizumab treatment (median of 0.0 infusions, IQR
0.0-2.0; P<0.0001). The findings of a mixed linear model
were similar (Online Supplementary Table S2, Online
Supplementary Figure S1D). 

Patients requiring prior iron infusion
In the analysis of only those patients who received iron

infusion in the 6 months prior to treatment (n=155), median
number of iron infusions decreased from 8.0 (IQR, 3.0-20.0)
in the 6 months before treatment to 2.0 (IQR, 0.0-5.0) in the
first 6 months after treatment (P<0.0001); 48/155 (31%)
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Figure 1. Box-and-whisker plots showing the effect of intravenous bevacizumab on hematologic parameters and epistaxis severity. A box represents the median
and interquartile range and tails represent minimum and maximum values. Numbers at each time-point reflect the number of hereditary hemorrhagic telangiectasia
(HHT) patients in a given analysis treated for at least that duration with complete data. (A) Effect on hemoglobin in HHT patients with baseline anemia (n=185). (B)
Effect on Epistaxis Severity Score in patients treated for epistaxis (n=146). (C) Effect on red blood cell (RBC) transfusions in patients receiving transfusion in the 6
months prior to bevacizumab initiation (n=137). (D) Effect on iron infusion events in patients receiving intravenous iron in the 6 months prior to bevacizumab initiation
(n=155). RBC: red blood cell; Mo: months; Tx: treatment.
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patients were iron infusion-free. There was a maintained
and continued reduction into the second 6 months of beva-
cizumab treatment (median of 0.0 units, IQR 0.0-3.0), with
84/138 (61%) patients being iron infusion-free (Figure 1D).
The decline in iron infusion requirements was observed
regardless of baseline disease severity (Figure 2B).

Subgroup analysis by genotype
There were no significant differences between baseline

hematologic parameters or effect of bevacizumab treat-
ment on these parameters between patients with ENG and
ACVRL1 mutations (Online Supplementary Table S3).

Subgroup analysis by maintenance dosing strategy
As compared with patients receiving continuous sched-

uled bevacizumab maintenance, those receiving intermit-
tent (as-needed) bevacizumab maintenance had a lower
mean hemoglobin (10.8 g/dL vs. 12.3 g/dL; P=0.0002) and
higher ESS (4.96 vs. 2.88; P<0.0001) during the second 6
months of bevacizumab treatment (Online Supplementary
Table S4). There were no significant differences in iron infu-
sions or RBC transfusions between the two groups.

Use of concurrent therapies to treat hereditary 
hemorrhagic telengiectasia-associated bleeding
Fifty-three patients (22%) received one (39 patients) or

more (14 patients) local hemostatic procedures to treat epis-
taxis (41 patients, 17%), gastrointestinal bleeding (12

patients, 5%), or both (1 patient) in the first year after initi-
ating bevacizumab. Thirty-three patients (14%) received
antifibrinolytic therapy and one patient received an ery-
thropoiesis-stimulating agent during the first year after ini-
tiating bevacizumab. In total, 73 patients (31%)  did receive
and 165 patients (69%) did not receive any of these thera-
pies. 
Patients receiving concurrent therapies were similar at

baseline to those not receiving them, except for a slightly
higher mean ESS (Online Supplementary Table S5). On beva-
cizumab treatment, patients receiving concurrent treat-
ments for HHT-associated bleeding had slightly lower on-
treatment mean hemoglobin and slightly higher on-treat-
ment mean ESS, median number of RBC transfusions, and
median number of iron infusions than those not receiving
concurrent treatments (Online Supplementary Table S5).

Safety analysis
The safety analysis included 232 patients with complete

and continuous chart data available over the duration of
bevacizumab treatment, totaling 340.1 patient-years at risk
of bevacizumab administration. TEAE possibly or likely
related to bevacizumab treatment are summarized in Table
3. The only TEAE reported in >1% of patients were hyper-
tension (18%), fatigue (10%), proteinuria (9%), myalgia
and/or arthralgia (6%), headache (4%), and venous throm-
boembolism (VTE, 2%). Overall, 88 patients (38%) experi-
enced at least one TEAE possibly or likely related to beva-
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Figure 2. Red blood cell transfusions and
iron infusions pretreatment and on-beva-
cizumab treatment by hematologic sup-
port requirements in the 6 months prior
to bevacizumab initiation. (A) All patients
requiring red blood cell (RBC) transfusion
before treatment (n=137) were divided
into quartiles (Q1-Q4) according to their
pretreatment RBC transfusion require-
ments. Reductions in RBC transfusions
were observed following bevacizumab
treatment regardless of the pretreatment
disease severity. (B) All patients requiring
iron infusion pretreatment (n=155) were
divided into quartiles according to their
pretreatment iron infusion requirements.
Reductions in iron infusions were
observed following bevacizumab treat-
ment regardless of the pretreatment dis-
ease severity. Mo: months; PreTx, pretreat-
ment; OnTx, on treatment.
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cizumab. There were no fatal TEAE. The TEAE rate was
slightly higher in patients receiving intermittent mainte-
nance (51%) than in those receiving continuous mainte-
nance (32%). There was no significant difference in number
of reported TEAE in patients with long-term exposure to
bevacizumab (≥2 years) and those with shorter-term expo-
sure (<2 years) with a mean of 0.57 versus 0.53 TEAE per
patient, respectively (P=0.80, Mann-Whitney U test).
The rate of VTE in HHT patients receiving bevacizumab

was 1.5 events per 100 patient-years at risk. Online
Supplementary Table S6 shows the venous thromboembolic
events occurring in the cohort of patients. 

Bevacizumab discontinuation
Twelve patients (5%) discontinued bevacizumab treat-

ment because of adverse events. Online Supplementary Table
S7 describes the adverse events prompting treatment dis-
continuation. Eleven patients (5%) discontinued beva-
cizumab because of inadequate treatment effect.
Discontinuation due to excessive financial cost for patients
occurred in two cases (1%).

Discussion

We present a large, international, multicenter study of
systemic bevacizumab treatment of HHT-associated bleed-
ing, observing striking improvements in bleeding and ane-
mia with bevacizumab treatment (Figure 1, Online
Supplementary Figure S1). Historically, reports on beva-
cizumab treatment for HHT-related bleeding have been
limited to single case reports and small cohorts from indi-
vidual treatment centers. Before the present study, the
largest study of systemic bevacizumab for bleeding and
anemia in HHT, evaluating critical hematologic outcomes
such as hemoglobin, blood transfusion and iron infusion,
was a 13-patient case series.23

We found that bevacizumab was effective at reducing
HHT-associated bleeding regardless of the patients’ geno-
type, with an improvement in mean hemoglobin of 3.2
g/dL and resolution of anemia in two-thirds of patients. The
severity of epistaxis also declined sharply, with a drop in
mean ESS of 3.37 points, nearly five times the minimal clin-
ically-important difference of 0.71 for this well-validated
clinical bleeding score.29 Concurrent with the improve-
ments in hemoglobin, RBC transfusions and iron infusions
dropped precipitously: 80% and 61% of patients previously
requiring RBC transfusions and iron infusions, respectively,
were liberated entirely from these hematologic support
modalities after 6 months of treatment. Improvement was
observed irrespective of baseline bleeding or anemia sever-
ity and included the most severely afflicted patients (Figure
2). Similar improvement was observed regardless of the
underlying pathogenic mutation (Online Supplementary Table
S3). Most patients did not receive any additional concurrent
treatments to manage HHT-associated bleeding once on
bevacizumab, and outcomes of the patients who did were
actually slightly worse than those who did not (Online
Supplementary Table S5). This is likely reflective of less
improvement with bevacizumab in these patients prompt-
ing the need for additional therapies. The fact that patients
not receiving any other bleeding-directed treatments had
such significant improvement in hematologic parameters
with bevacizumab initiation increases our confidence in the
relationship between bevacizumab treatment and the dra-
matic improvement observed in these parameters. 
The effectiveness observed with systemic bevacizumab

treatment in this study is considerably better than that
found for other systemic agents evaluated for HHT-associ-
ated bleeding.30 Small randomized studies of tranexamic
acid versus placebo suggest mild to moderate improvements
in epistaxis severity but no improvement in hemoglobin
with the active treatment.12,31 A small randomized study of
oral estrogen compared with placebo found no significant
improvement in epistaxis.32 Topical nasal pharmacotherapy
has been similarly disappointing, with randomized studies
of topical timolol, estrogen, and tranexamic acid all show-
ing no difference in the comparison with placebo.33,34
Bevacizumab via topical nasal spray has also been evaluat-
ed, with no improvement noted in epistaxis severity in the
comparison with placebo.33,35 Therefore, given the lack of
other effective options and the continued lack of any Food
and Drug Administration-approved treatment, our findings
suggest it may be appropriate to consider systemic beva-
cizumab in patients with moderate-to-severe HHT-associ-
ated bleeding (Online Supplementary Table S1) without con-
traindications. This may be particularly true for patients
with significant gastrointestinal bleeding, who constituted
over half the cohort in the present study, for whom there
are no studies of other pharmacological interventions. Oral
anti-angiogenics such as pomalidomide36 and pazopanib37,38

are additionally under investigation for treatment of HHT-
associated bleeding. Should these agents demonstrate effi-
cacy, head-to-head studies comparing them with beva-
cizumab will be needed. 
While initial bevacizumab induction treatment schedules

were quite similar between different centers, maintenance
strategies varied considerably, with some centers employ-
ing continuous scheduled maintenance and others opting for
an intermittent, as-needed approach to minimize overall
bevacizumab exposure. Both approaches were effective, but
intermittent maintenance (which employed 75% of the
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Table 3. Treatment-emergent adverse events (TEAE) identified by treat-
ing clinicians as likely or possibly due to bevacizumab. TEAE were
evaluable in 232 patients.
TEAE                                                                                      Number of 
                                                                                             patients (%)

Hypertension (new-onset or worse from baseline)                    41 (18%)a

Fatigue                                                                                                      23 (10%)
Proteinuria                                                                                               21 (9%)b

Myalgia and/or arthralgia                                                                       14 (6%)
Headache                                                                                                   9 (4%)
Venous thromboembolism                                                                    5 (2%)
Transaminase/alkaline phosphatase elevation                                 3 (1%)
Rash                                                                                                             3 (1%)
Abdominal pain/gastrointestinal upset                                               3 (1%)
Lightheadedness                                                                                      2 (1%)
Dyspnea                                                                                                      2 (1%)
Hoarseness                                                                                               2 (1%)
Bone marrow suppression                                                                    2 (1%)
Otherc                                                                                                          7 (3%)

a26 patients with new-onset hypertension and 15 patients with hypertension worsened
from baseline; bOccurred in one patient with baseline chronic kidney disease and
three patients with baseline diabetes mellitus. cIncludes one report each of lower
extremity edema, worsened epistaxis, diarrhea, lower extremity venous ulceration, poor
wound healing, non-cardioembolic stroke, and Staphylococcus aureus skin infection. 



overall bevacizumab dose intensity used in continuous
maintenance) resulted in significantly lower mean hemoglo-
bin and higher mean ESS than continuous maintenance
(Online Supplementary Table S4). This is not unexpected given
that recurrence of bleeding and/or anemia are the triggers for
re-treatment with an intermittent maintenance approach. It
is unclear whether the financial savings of administering less
drug in the intermittent maintenance approach offsets the
potential disadvantages. Additionally, although patients in
this study were treated for up to 8 years without any com-
plications specifically attributed to extended-duration treat-
ment, the impact of indefinite bevacizumab exposure in
HHT (either positive or negative) is not known. How main-
tenance strategy and overall dose intensity could affect this
impact is therefore also unknown.
Bevacizumab was well-tolerated overall, with hyperten-

sion, proteinuria, fatigue, and myalgia/arthralgia being the
most common TEAE, consistent with prior reports in HHT
patients.23-27,39-42 Only 5% of patients discontinued treatment
because of adverse events. An understanding of the adverse
event profile of single-agent systemic bevacizumab in HHT
patients is critical, given that the vast majority of prior beva-
cizumab studies added bevacizumab (typically at 2-3 times
the common 5 mg/kg dose used in this study) to multiagent
cytotoxic chemotherapy regimens and administered this
combination to patients with metastatic cancer. Therefore,
the adverse event rates described in the prescribing infor-
mation, such as the relatively high rates of serious events
including VTE or intestinal perforation, are not reflective of
single-agent bevacizumab use in HHT patients. This point
is highlighted by the VTE rate in this study of 2%, with a
median duration of bevacizumab exposure considerably
longer than that of most cancer studies finding VTE rates in
the 5-10% range. Furthermore, two out of five of the VTE
observed were provoked events immediately following
major joint replacement surgery (Online Supplementary Table
S6). We observed no central nervous system bleeding,
hemoptysis, pulmonary hemorrhage, or intestinal perfora-
tion. Additionally, while anticoagulation in HHT patients
can be very challenging and dramatically exacerbate bleed-
ing, patients with VTE in this study receiving anticoagula-
tion did well with concurrent bevacizumab treatment with-
out significantly increased bleeding (Online Supplementary
Table S6).
Our study has several limitations consistent with its

retrospective nature. These include center variability in
the management of HHT and variability in the use and
availability of adjunctive measures to control bleeding.
The lack of randomization allows for the presence of con-
founding factors that could have resulted in clinical
improvement independent of bevacizumab use.
However, the fact that significant improvements in all
outcome measures occurred following initiation of beva-
cizumab treatment increases our confidence that beva-
cizumab was the cause of the clinical improvements.
Additionally, we analyzed known confounders such as
concurrent use of antifibrinolytics and receipt of local
hemostatic procedures and found no significant differ-
ence in outcomes between the two groups. To minimize
the impact of patient heterogeneity in this disease, we
employed a pre/post-treatment analytical design with
paired analyses such that each patient served as his or her
own internal control in our effectiveness analyses.

Adverse event reporting was limited by the retrospective
design, but we expect it is unlikely that any serious
adverse events would not have been appropriately docu-
mented. Finally, our study evaluated number of iron infu-
sion events, not exact milligrams of elemental iron
infused. Although less precise, we believe that the
observed reduction in iron infusions to be valid for two
reasons: the median number of iron infusions went from
six before treatment to zero after treatment (and the
amount of elemental iron in 0 iron infusions is none) and
more importantly, the reduction in iron infusions paral-
leled the dramatic reduction in RBC transfusions.
In conclusion, we observed that systemic bevacizumab

was effective in the management of severe HHT-related
epistaxis and gastrointestinal bleeding in a cohort of 238
HHT patients. While data from large, randomized
prospective studies are needed to confirm these findings,
in this large observational study, bevacizumab was associ-
ated with significant improvements in hemoglobin and
ESS, along with significant reductions in the need for RBC
transfusion and intravenous iron infusion. Improvement
was similar regardless of the underlying pathogenic muta-
tion. Following an initial sequence of induction treat-
ments, continuous scheduled maintenance therapy and
intermittent as-needed maintenance therapy were both
reasonable to maintain treatment effect. Hypertension,
fatigue, proteinuria, and myalgia/arthralgia were the most
common TEAE; VTE and treatment discontinuation for
adverse events were rare, occurring in 2% and 5% of
patients, respectively.
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The COVID-19 pandemic has resulted in significant morbidity and
mortality worldwide. In order to prevent severe infection, mass
COVID-19 vaccination campaigns with several vaccine types are cur-

rently underway. We report pathological and immunological findings in
eight patients who developed vaccine-induced immune thrombotic throm-
bocytopenia (VITT) after administration of SARS-CoV-2 vaccine ChAdOx1
nCoV-19. We analyzed patient material using enzyme immune assays, flow
cytometry and heparin-induced platelet aggregation assay and performed
autopsies on two fatal cases. Eight patients (five females, three males) with
a median age of 41.5 years (range, 24-53) were referred to us with suspected
thrombotic complications 6 to 20 days after ChAdOx1 nCoV-19 vaccina-
tion. All patients had thrombocytopenia at admission. Patients had a median
platelet count of 46.5x109/L (range, 8-92). Three had a fatal outcome and five
were successfully treated. Autopsies showed arterial and venous throm-
boses in various organs and the occlusion of glomerular capillaries by hya-
line thrombi. Sera from VITT patients contain high-titer antibodies against
platelet factor 4 (PF4) (optical density [OD] 2.59±0.64). PF4 antibodies in
VITT patients induced significant increase in procoagulant markers (P-
selectin and phosphatidylserine externalization) compared to healthy volun-
teers and healthy vaccinated volunteers. The generation of procoagulant
platelets was PF4 and heparin dependent. We demonstrate the contribution
of antibody-mediated platelet activation in the pathogenesis of VITT. 
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ABSTRACT



Introduction

COVID-19 infection has resulted in considerable mor-
bidity and mortality in the last 15 months.1 Within an
exceptionally short time, several SARS-CoV-2 vaccines
have been licensed and used worldwide.2 Safety signals
have been, however, noted. Center for Disease Control
and Prevention (CDC) in the US reported in the begin-
ning of March 26 cases of venous thromboembolism, 20
cases of thrombosis and 41 ischemic strokes in individu-
als vaccinated with mRNA vaccines in the US. More than
200 cases with thrombosis among 34 million persons vac-
cinated with ChAdOx1 nCoV-19 have been reported to
the European database of suspected adverse reactions,
EudraVigilance. After the investigation of reported cases,
European Medical Association (EMA) found a link
between ChAdOx1 nCoV-19 and unusual thrombotic
events and concomitant thrombocytopenia. Although the
World Health Organization (WHO) and EMA concluded
that the benefit of vaccination with ChAdOx1 nCoV-19
outweighs the risks associated with thrombosis and
thrombocytopenia, several countries instituted restric-
tions on the use of ChAdOx1 nCoV-19. The unusual clin-
ical constellation of cerebral venous sinus thrombosis
(CVST) and thrombocytopenia is called vaccine-induced
immune thrombotic thrombocytopenia (VITT). We stud-
ied eight cases with thrombocytopenia and primarily
with suspected CVST but also other thromboembolic
complications to better understand the pathophysiology
of VITT. In this study, we identified antibody-mediated
procoagulant platelets as a novel mechanism associated
with VITT. 

Methods

Study cohort and evaluation of the clinical data
Eight patients were referred to different university hospitals

with neurological or hematological symptoms after vaccination
with ChAdOx1 nCoV-19 (AstraZeneca, London, UK) between
February 1st and April 6th 2021. Six patients admitted to university
hospitals and two patients, who were initially admitted to local
hospitals, were later transferred to university hospitals. Medical
records were used to collect treatments and outcome. Diagnosis
of thromboembolic complications was made when indicated by
clinical or laboratory findings and/or based on computed tomog-
raphy, ultrasound imaging or in case of death by autopsy. 
Blood samples were collected to exclude heparin-induced

thrombocytopenia (HIT). Blood samples from non-vaccinated
healthy blood donors (n=24, 17 females, mean age 36.1±13.7
years) and from healthy vaccinated before and after the first vac-
cination with ChAdOx1 nCoV-19 (n=41, 29 females, mean age
37.3±10.9 years) served as healthy controls. 
In addition, sera from 29 COVID-19 patients who had serial

HIT immunoglobulin G (IgG)-enzyme immune assay (EIA)
measurements during hospitalization were also included in the
study (seven females, mean age 65.3±14.1 years). Clinical data
from the ICU COVID-19 patients and a VITT-patient (case #7)
were reported in previous studies.3,4

Bead-based multiplex assay for detection of COVID-19
antibodies
COVID-19 antibodies were measured with a multiplex assay

(NMI, Reutlingen, Germany) with the FLEXMAP 3D® system
(Luminex Corporation, Austin, USA).5

Testing for anti-PF4/heparin antibodies   
A commercially available EIA was used in accordance with the

manufacturer’s instructions (Hyphen Biomed, Neuville-sur-Oise,
France). The ability of sera to activate platelets was tested using
the functional assay heparin-induced platelet aggregation assay
(HIPA) as previously described.6 For more details, see the Online
Supplementary Appendix.

Serological characterization of PF4 antibody 
Antibody binding to PF4 and the receptor binding domain of

Spike protein (Spike-RBD and S2 domain) was analyzed using an
in-house EIA.

Assessment of antibody-mediated procoagulant
platelets 
Patients’ sera were incubated with washed platelets (7.5x106)

for 1.5 h* under different conditions at room temperature.
Platelets were then stained with Annexin V-FITC and CD62-APC
(Immunotools, Friesoythe Germany) and directly analyzed by
flow cytometry (FC). For more details see the Online
Supplementary Appendix.

Ethics statement
The study was conducted in accordance with the Declaration

of Helsinki. The study protocol was approved by the
Institutional Review Board of the University of Tuebingen
(236/2021BO2, 224/2021BO2) and analysis of sera from
ChAdOx1 nCoV-19 vaccinated individuals were performed at
the University of Ulm (99/21).

Statistical analyses
The statistical analysis was performed using GraphPad Prism,

Version 7.0 (GraphPad, La Jolla, USA). Since potential daily vari-
ations in FC measurements might result in bias in data analysis,
test results were normalized to two healthy donors tested in par-
allel at the same time point. Data in the text are presented as
median (range), mean ± standard deviation (SD) or numbers (n
in %).

Data sharing statement
Data may be requested for academic collaboration from the

corresponding author.

Results

Clinical and laboratory features of vaccine-induced
immune thrombotic thrombocytopenia 
Eight patients (five females, three males) with a median

age of 41.5 years (range, 24-53) were referred with sus-
pected thrombotic complications after ChAdOx1 nCoV-
19 vaccination. Demographic data are summarized in
Table 1. The patients were admitted to hospital 6 to 20
days after ChAdOx1 nCoV-19 vaccination. All patients
had thrombocytopenia at admission with a median
platelet count of 46.5x109/L (range, 8-92). D-dimer was
available in five patients, which was 9 µg/mL or higher.
Thrombosis was detected in six patients at admission and
two developed thrombosis during hospitalization (Figure
1). Thrombotic events included cerebral venous sinus
thrombosis (five patients), pulmonary embolism (four
patients), deep vein thrombosis (one patient), and throm-
bosis in other organs (three patients). Three of eight
patients had more than one thrombotic event. Three
patients presented initially with bleeding signs with easy
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bruising and petechiae, which might be an early sign of
VITT. One patient underwent a successful thrombus
removal by endovascular rheolysis. Three of eight patients
died (on day 6 [case #1], day 10 [case #2] and day 7 [case
#3] of hospitalization). All surviving patients received anti-
coagulation. Four patients received intravenous
immunoglobulin (IVIG) combined with non-heparin anti-
coagulation. 

Pathological findings
Autopsy was performed in two of three deceased

patients. Autopsy of case #2 showed complete throm-

botic obstruction of the straight, sagittal and transversal
cerebral sinuses, subarachnoidal hemorrhage, cerebral
edema and bilateral pulmonary embolism in mid-sized
arteries and obstruction of glomerular arterioles and
capillaries by hyaline microthrombi containing fibrin
and platelets (Figure 2A and B). Autopsy of case #3
showed massive cerebral hemorrhage and cerebral
edema, bilateral pulmonary thromboembolism and
obstruction of glomeruli by hyaline microthrombi
(Figure 2C to G). Histology of the bone marrow was
normal in both cases without any hint of increased
thrombopoesis. 
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Table 1. Demographic and clinical data of cases with vaccine induced immune thrombotic thrombocytopenia.
Case #       Age         Sex     First symptoms    Thrombosis/        Thrombotic               PLT,                  D-Dimer,                Fibrinogen,            INR       aPTT, (>40s)
                                           after vaccination      Bleeding           risk factors     (150-450x109/L)    (<0.5 mg/mL)      (170-410 mg/dL)
                                                    (days)                      

1                      47               f                       7                          CVST                       none                           10                             >35                                128                      1.30                  23
2                      48               f                       6                       CVST, PE                      n.a.                            40                             n.a.                                n.a.                      1.16                22.9
3                      24              m                     10                      bleeding,           heterozygous                   22                             n.a.                                109                      1.20                  42
                                                                                             multiple             FVL mutation
                                                                                          thrombosis
4                      53              m                      9                        DVT, PE                     none                            8                              >35                                126                      1.01                  25
5                      47               f                       7                          CVST                       none                           56                                9                                  263                      1.25                  35
6                      32              m                     20                            PE                          none                           71                             n.a.                                n.a.                      n.a.                 n.a.
7                      36               f                      17                         CVST                       none                           92                               13                                 n.a.                      1.19                  22
8                      29               f                       7                          CVST              contra-ception                 53                               32                                 274                      1.00                  23
CVST: indicates cerebral venous sinus thrombosis; DVT: deep vein thrombosis; FVL: Factor V Leiden; n.a.: not available; PE, pulmonary embolism; PLT: platelet. 

Figure 1. Imaging example of three
illustrative cases. Imaging exam-
ples of case #1 (A to C), case #8 (D
to F) and case #4 (G and H). In case
#1, non-enhanced computed tomog-
raphy imaging (A) showed a
parenchymal and subdural hemor-
rhage (arrows in A), causing a mid-
line shift (arrowheads in A). Digital
subtraction angiography was per-
formed (B) showing thrombosis of
the right sigmoid and transverse
sinus, superior sagittal sinus (arrows
in B), and straight sinus.
Angiography after mechanical
recanalization (C) shows the recanal-
ized cerebral sinuses (superior sagit-
tal sinus marked with arrows). In
case #8, cerebral imaging 7 days
after vaccination was unremarkable
(curved reconstruction of the left
transverse and sigmoid sinus shown
in the right upper corner of D and F).
She worsened, which led to a repeat-
ed cerebral imaging, showing a large
intraparenchymal hemorrhage in the
left temporal lobe (arrow in E), caus-
ing midline shift (arrowhead in E),
caused by a thrombosis of the trans-
verse and sigmoid sinus (arrows in
F), as well as of the adjacent tentori-
al veins. In case #4, a thrombus in
the right pulmonary artery was
observed (arrows in E; coronal recon-
struction shown in the right lower
corner of G). Further imaging also
revealed thrombi in the femoral
veins on both sides (arrows in H).

A B C
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Immunoglobulin G binding profile of sera from vaccine-
induced immune thrombotic thrombocytopenia
High-titer PF4/heparin antibodies were detected in all

sera (eight of eight, 100%) using the IgG PF4/heparin EIA.
Interestingly, binding of all sera was inhibited in the pres-
ence of high concentration of heparin (mean optical densi-
ty [OD] of IgG antibodies against PF4/heparin complexes:
2.591±0.642 versus 0.176±0.073, respectively, P<0.0001,
Figure 3A). No correlation was found between the
PF4/heparin antibodies and the detected COVID-19 anti-
bodies in VITT patients and in vaccinated controls (Online
Supplementary Figure S1A to D [I-IV]). Among non-vaccinat-
ed controls only one subject (4%) had a PF4/heparin anti-
bodies in EIA (data not shown). 
We next investigated the PF4-seroconversion after vacci-

nation with ChAdOx1 nCoV-19, as well as during severe
SARS-CoV-2 infection (Figure 3B). We found that four of
41 (9.8%) vaccinated healthy individuals and four of 25
(16%) patients with severe COVID-19 seroconverted with
IgG antibodies against PF4/heparin complexes within 14
days (Figure 3B). Next, we tested IgG binding to platelets
by FC. An increase in IgG binding to test platelets was
observed (fold increase [FI] in mean fluorescence [MF]

intensity compared to healthy controls [FI of MFI]:
4.39±1.15 vs. 1±1.10, P=0.026, Figure 4, Online
Supplementary Figure S2A). IgG binding to platelets was
inhibited by heparin at high concentrations (FI of MFI IgG
binding: 1.51±0.66, P=0.016), but not at low concentra-
tions (FI of MFI of IgG binding: 3.60±2.01, P=0.688). Only
one serum showed increased binding to platelets in the
presence of PF4 and the vaccine ChAdOx1 nCoV-19 (case
#4, Figure 4). Spike-RBD did not induce a significant
change in IgG binding in VITT patients (Figure 5A). Similar
results were observed when S2 protein was added (Figure
5B). IgG binding was also observed when sera from
ChAdOx1 nCoV-19 vaccinated volunteers with IgG PF4
antibodies were tested (Online Supplementary Figure 2B).
However, severe COVID-19 patients with IgG PF4 anti-
bodies showed no increase in IgG binding (Online
Supplementary Figure S2C).

The impact of Spike-RBD on the binding of anti-PF4
antibodies
Compared to healthy controls, sera from VITT patients

showed strong binding to PF4 in the in-house EIA (OD IgG
antibodies against PF4: 1.03±0.04 vs. 0.110±0.002, respec-
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Figure 2. Histopathological findings in
case #2 and case #3. (A) Case #2: occlu-
sion of glomerular capillary loops by hya-
line thrombi. Hematoxylin-Eosin (H&E)
staining, original magnification 200x. (B)
Deposition of platelets in glomerular ves-
sels documented by CD42b staining,
immunoperoxidase staining, magnifica-
tion 200x. (C) Case #3: occlusion of
glomerular capillary loops by hyaline
thrombi with fibrin deposits highlighted in
red, Masson’s trichrome stain, magnifica-
tion 200x. (D) Immunostaining for CD61
and (E) fibrin demonstrate the massive
intravascular deposits of fibrin and
platelets, immunoperoxidase staining,
magnification 200x. (F) Thrombotic occlu-
sions of submucosal vessels in the urinary
bladder with hemorrhage. H&E staining,
magnification 40x. (F) Thrombotic occlu-
sion of medium-sized pulmonary vessels.
H&E stining, magnification 40x. (G) Insert
shows platelet deposits in pulmonary cap-
illaries stained for CD61, immunoperoxi-
dase staining, magnification 400x.
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Figure 3. Binding profile of sera from vaccine-induced immune thrombotic thrombocytopenia. (A) Results of the PF4/heparin immunoglobulin G (IgG)-enzyme
immune assay (EIA) in patients with vaccine-induced immune thrombotic thrombocytopenia (VITT) with and without 100 IU/mL heparin. All VITT patients showed an
enhanced binding which was significantly inhibited at high dose of heparin (100 IU/mL). (B) PF4-seroconversion after vaccination and severe SARS-CoV2 infection
was followed up. IgG PF4/heparin antibody binding results in healthy volunteers before and after vaccination and COVID-19 patients in intensive care units showed
four vaccinated volunteers displaying a positive EIA result after 7-14 days post-vaccination (red empty diamonds). OD: optical density.

A B

Figure 4. Immunoglobulin G bind-
ing to platelets by flow cytometry
in sera of vaccine-induced
immune thrombotic thrombocy-
topenia patients. Immunoglobulin
G (IgG) binding to healthy washed
platelets (PLT) after incubation with
sera from vaccine-induced immune
thrombotic thrombocytopenia
(VITT) patients was measured
(assessed by flow cytometry and
expressed as fold increase (FI) nor-
malized to controls). VITT patients
showed significantly higher binding
at the baseline in comparison to
healthy controls, which was inhibit-
ed by high dose heparin. ns: not
significant; *P<0.05, **P<0.01,
***P<0.001 and ****P<0.0001.



tively, P<0.0001, Figure 5A). On the other hand, sera from
VITT patients showed slight but not significant binding to
Spike-RBD (Online Supplementary Figure S2D). Most impor-
tantly, in the presence of PF4 the IgG binding was reduced
when the concentration of RBD is increased above 6.5
mg/mL (Figure 5A). However, sera from VITT patients did
not show significant binding to S2 protein with and with-
out PF4 (Figure 5B; Online Supplementary Figure S2E).

Platelet activation in the heparin-induced platelet
aggregation assay assay
In order to investigate the ability of patients’ sera to

activate platelets, the HIPA assay was used with several

modifications. Sera were incubated with washed
platelets in the presence of i) buffer, ii) 0.2 IU/mL
LMWH, iii) 100 IU/mL UFH, iv) an Fcγ receptor IIa
(FcγRIIA)-blocking monoclonal antibody (mAb IV.3), v)
30mg/mL IVIG, vi) 25 mg/mL PF4, vii) 50 mg/mL Spike-
RBD, viii) PF4/Spike-RBD complexes, ix) PF4+RBD or x)
ChAdOx1 nCoV-19. Conditions with PF4 and RBD were
also repeated in the presence of high concentration of
heparin (100 IU/mL unfractionated heparin [UFH]). We
observed platelet activation in the presence of buffer in
eight of eight VITT patients (median time to platelet
aggregation 5 minutes [min], no range 5-10 min [min*],
Figure 6A), but not in sera from vaccinated individuals
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Figure 5. Immunoglobulin G binding to
SARS-CoV-2 Spike-RBD and S2 in the
presence and absence of PF4. (A)
Immunoglobulin G (IgG) binding to SARS-
CoV-2 Spike-RBD was assessed by IgG-
enzyme immune assay (EIA) and
expressed as fold increase to PF4 alone.
(B) IgG binding to SARS-CoV-2 S2/PF4
complexes was assessed by EIA and
expressed as fold increase to PF4 alone.
ns: not significant; *P<0.05, **P<0.01,
***P<0.001 and ****P<0.0001. 
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with anti-PF4 antibodies, who did not develop any clini-
cal sign of thromboembolic complications, without side
effects (Online Supplementary Figure S3A). Moreover, only
one of the sera from patients with severe COVID-19
who were tested positive in PF4/heparin EIA showed
platelet activation in the HIPA assay. (Online

Supplementary Figure S3B). Interestingly, the reaction was
weaker in the presence of low molecular weight heparin
(median time to aggregate: 5 min, 5-10 min [range] vs. 30
min, 5->45min [range], Figure 6A). All reactions were
inhibited by a high dose of heparin (P=0.008, Figure 6A).
In presence of PF4, sera from VITT patients showed
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Figure 6. Antibody-mediated platelet activation and generation of procoagulant platelets. Results of the platelet activation assay (HIPA) with modifications in the
vaccine-induced immune thrombotic thrombocytopenia (VITT) patients. Each dot represents the median of four different donors. (A) All VITT patients presented
platelet (PLT) activation with buffer alone, which was significantly increased by PF4 but inhibited with high dose of heparin. Procoagulant platelets (CD62P/phos-
phatidylserine [PS] positive) in different settings were analyzed via Annexin V-FITC and CD62p-APC antibody staining. (B) Where indicated, platelets were treated with
PF4, 0.2 U/mL and 100 IU/mL heparin, RBD and ChAdOx1 nCoV-19A. Data are presented as mean ± standard deviation of the measured fold increase compared
to control. ns: not significant; *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. The number of sera tested is reported in each graph. Dotted lines represent
the cutoffs determined testing sera from healthy donors. FI: fold increase.

A

B



strong platelet activation (median time to platelet aggre-
gation 5 min, 5-5 min [range], Figure 6A). Most impor-
tantly, platelet activation was completely inhibited by
the mAb IV.3 that blocks the FcγRIIa and by high doses
of IgG (>45 min, no aggregation, Figure 6A). No signifi-
cant change was found when PF4/RBD complexes were
added. Antibody-mediated platelet activation was inhib-
ited when low molecular weight heparin (LMWH) was
added at low concentrations by testing three sera. When
sera from VITT patients were diluted, specific binding
was observed to PF4 while no reaction in the buffer was
found (Figure 7A).

Sera of vaccine-induced immune thrombotic thrombo-
cytopenia patients induce PF4-dependent procoagu-
lant phenotype 
In order to explore the mechanism of coagulation dys-

regulation in VITT, sera were incubated with washed
platelets from healthy donors in the presence of buffer,
heparin, mAb IV.3, IVIG, PF4, PF4+IVIG, PF4+RBD, the
Spike-RBD protein or the vaccine ChAdOx1 nCoV-19. FC
analyses revealed that sera from VITT patients induce
remarkable changes in the distribution of CD62p/PS posi-
tivity (FI CD62p/PS positive platelets [PLT]: 22.94±6.14 vs.
0.90±0.63, respectively, P=0.009, Figure 6B, Online
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Figure 7. Antibody-mediated
platelet activation and generation
of procoagulant platelets with dilut-
ed sera. (A) Results of heparin-
induced platelet aggregation assay
(HIPA) at different titrations of sera
from vaccine-induced immune
thrombotic thrombocytopenia (VITT)
patients. Note that diluted sera
(from 1:64) activated platelets only
in the presence e of PF4. (B) Effect
of sera from VITT patients at differ-
ent titrations on the development of
procoagulant platelets. Note that
diluted sera (from 1:8) activated
platelets only in the presence e of
PF4. Data are presented as mean ±
standard deviation of the measured
fold increase (FI) compared to con-
trol. ns: not significant; *P<0.05;
**P<0.01, ***P<0.001 and
****P<0.0001. The number of sera
tested is reported in each graph.
Dotted lines represent the cutoffs
determined testing sera from
healthy donors.
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Supplementary Figure S4). In contrast, the platelet popula-
tion was almost non-affected after incubation with sera
from vaccinated controls (Online Supplementary Figure
S5A). Interestingly, the generation of procoagulant
platelets was reduced by 0.2 IU/mL LMWH (FI CD62p/PS
positive PLT: 13.32±11.50, P=0.016, Figure 6B) and com-
pletely inhibited by high concentration of UFH in VITT
patients (FI CD62p/PS positive PLT: 1.92±0.96, P=0.008,
Figure 6B, Online Supplementary Figure S4). These reactions
were also inhibited by the FcγRIIA blocking with mAb
IV.3 as well as by high concentrations of IgG (FI
CD62p/PS positive PLT: 1.04±0.22, P=0.031 and FI
CD62p/PS positive PLT: 7.88±5.56, P= 0.031, respectively,
Figure 6B). No significant increase of procoagulant
platelets was also observed in presence of PF4 (FI
CD62p/PS positive PLT: 37.07±23.73, P=0.078) and in the
presence of Spike-RBD alone (FI CD62p/PS positive PLT:
22.02±17.09, P=0.195). While an increased generation of
procoagulant platelets was observed after the incubation
of sera from severe COVID-19 patients, no significant
change was observed when sera from vaccinated individ-
uals with anti-PF4 antibodies were tested (Online
Supplementary Figure S5A and B).
In order to identify the target antigen of the platelet acti-

vating antibodies, the HIPA and FC analyses were repeat-
ed at different titrations of sera from VITT patients.
Interestingly, diluted sera (from 1:64) were able to activate
platelets and induce a procoagulant phenotype only in the
presence of PF4 (Figure 7A and B, respectively).

Discussion

The increasing number of reports on rare thrombotic
events after SARS-CoV-2 vaccination draw public atten-
tion and led to concerns regarding the safety of this vac-
cine due to the uncertainty of the origin of these undesired
reactions.7-9 In order to understand the pathophysiology of
this phenomenon, the so-called VITT, we analyzed sera
from eight patients. Our mostly young, generally fit
cohort of patients, presented acutely with atypical throm-
bosis, primarily, but not exclusively involving the cerebral
venous sinuses, an extremely rare manifestation of throm-
bosis in the general population. All cases developed symp-
toms within 6-20 days after the ChAdOx1 nCoV-19 vac-
cination showing a temporal relationship between vacci-
nation and symptoms. The main findings in these cases
were thrombocytopenia, high D-dimer, low fibrinogen,
and high-titer IgG antibodies against PF4 that can induce
procoagulant platelet phenotype. 
After intensive laboratory investigations of the VITT

cases, we were able to identify the serological profile of
the pathological antibodies. In a small cohort of vaccinat-
ed volunteers, approximately 10% of the individuals
developed IgG antibodies against PF4/polyanion complex-
es within 14 days after the first vaccination; none of them
had been exposed to heparin in the past 100 days. We
observed that IgG binding to PF4 in these sera as well as
in VITT sera can be inhibited by heparin but also by
increasing the concentration of Spike-RBD. These data
may suggest that these antibodies are specific for confor-
mational changes in PF4 that might be induced by nega-
tively charged structures. Of note, no significant IgG bind-
ing to platelets was observed in the presence of the vac-
cine ChAdOx1 nCoV-19. Accordingly, it is very unlikely

that the vector (pCDNA4) may be responsible for the high
PF4-seroconversion rate in vaccinated individuals.
Comparable data were reported by Greinacher et al.7 and
Schultz et al.9 in two very recent reports that appeared
while our manuscript was in preparation. In addition to
their observations, we were also able to demonstrate that
sera from VITT patients directly induce procoagulant
platelets, suggesting a possible mechanism for thrombotic
events seen in patients with VITT. This is further corrob-
orated by the pathological studies in two of our patients.
Despite the distinct immediate causes of death in these
two fatal cases, namely fatal cerebral sinus thrombosis
and intracerebral hemorrhage, the two autopsy reports
showed striking similarities. In addition to arterial, arteri-
olar and venous thrombosis in various organs and pul-
monary thromboembolism, both cases showed a striking
occlusion of multiple glomeruli and afferent arterioles by
hyaline thrombi composed of fibrin and platelets, but
lacking erythrocytes. The kidney morphology bears
resemblance to thrombotic microangiopathy, but we
failed to identify erythrocyte fragmentation, a key feature
of thrombotic microangiopathy.10 Both patients, however,
had normal kidney function (highest creatinine level 0.5
mg/dL in case #2 and 0.8 mg/dL in case#3) until briefly
before death, indicating rapid pre-terminal development
of glomerular microthrombosis. White thrombi have been
associated with antibody-mediated platelet activation.10,11
Our data indicate that IgG antibodies against PF4

increase the generation of procoagulant platelets in VITT.
However, we cannot exclude other co-factor(s) that could
also induce thromboembolic complications in vivo. We
report on VITT after ChAdOx1 nCoV-19, which is the
only SARS-CoV-2 vaccine that includes a simian aden-
ovirus. Disturbances of platelets have been described in
association with the intravenous administration of aden-
ovirus gene therapy vectors although it is unclear how
that might relate to isolated thrombocytopenia as an
adverse event of the vaccine.8
Finally, the observed clinical and laboratory features of

the VITT are exceptional and rare. Therefore, the value of
the COVID-19 vaccination to provide critical protection
should be considered higher compared to the significant
health risk of COVID-19. With the better recognition of
this rare complication and the availability of efficient ther-
apies, the risk-benefit ratio of ChAdOx1 nCoV-19 might
be further reconsidered.

Conclusion
Although the incidence of VITT after ChAdOx1 nCoV-

19 vaccination is very low, the mortality rate is high
(37.5% in our case series). Since a global vaccination cam-
paign is underway and large numbers of people will be
vaccinated, an increase in the number of people with this
side effect is to be expected, highlighting the importance
of a better understanding of the pathophysiology of VITT.
In this study, we present immunological and pathological
findings in patients with VITT. Furthermore, we show the
contribution of antibody-mediated platelet activation in
the pathogenesis of VITT. 
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Adult hematopoietic stem cells (HSC) are quiescent most of the
time, and how HSC switch from quiescence to proliferation fol-
lowing hematopoietic stress is unclear. Here we demonstrate that

upon stress the coxsackievirus and adenovirus receptor CAR (also
known as CXADR) is upregulated in HSC and critical for HSC entry into
the cell cycle. Wild-type HSC were detected with more rapid repopula-
tion ability than the CAR knockout counterparts. After fluorouracil treat-
ment, CAR knockout HSC had lower levels of Notch1 expression and
elevated protein level of Numb, a Notch antagonist. The Notch signaling
inhibitor DAPT, dominant negative form of MAML (a transcriptional
coactivator of Notch), or dominant negative mutant of LNX2 (an E3 lig-
ase that acts on Numb and binds to CAR), all were capable of abrogating
the function of CAR in HSC. We conclude that CAR activates Notch1
signaling by downregulating Numb protein expression to facilitate entry
of quiescent HSC into the cell cycle during regeneration.

Membrane protein CAR promotes
hematopoietic regeneration upon stress
Guojin Wu and Cheng Cheng Zhang
Department of Physiology, University of Texas Southwestern Medical Center, Dallas, 
TX, USA

ABSTRACT

Introduction

In adults stem cells with self-renewal and differentiation capabilities are
required for tissue homeostasis and regeneration. Quiescence protects stem cells
from exhaustion. Hematopoietic stem cells (HSC) are largely quiescent during nor-
mal hematopoiesis，1 and adult hematopoiesis is sustained primarily by “short-
term” HSC (ST-HSC).1 During injury or inflammation, quiescent HSC enter the cell
cycle to accelerate hematopoietic flux,1-3 and cycling HSC return to quiescence
after the injury is repaired or inflammation is resolved. Multiple signaling path-
ways are known to be important for regulation of cell fates and regeneration of
HSC.4-10 The molecular mechanisms that regulate HSC to transit from quiescence
to proliferation during regeneration remain largely unknown.
The coxsackievirus and adenovirus receptor (CAR, also known as CXADR) was

first reported to mediate viral attachment and infection11 and later was demon-
strated to be a tight junction protein.12 CAR expression is required for normal atri-
oventricular conduction and cardiac function.13 Its constitutive expression in vari-
ous cancerous and normal tissues has also been reported.14,15 CAR was also report-
ed to be critical for survival of oral squamous cell carcinomas.16 Interestingly, CAR
expression increases during tissue regeneration,17 suggesting that it plays an impor-
tant role in repairing injury. Here we demonstrate that CAR expression is tran-
siently increased in HSC during fluorouracil (5-FU)-induced hematopoietic injury
and bone marrow (BM) transplantation and supports HSC regeneration. CAR does
not alter HSC self-renewal but rather induces quiescent HSC to enter cell cycle.
Mechanistic studies indicated that CAR activates Notch1 signaling in stressed
HSC by degrading the Notch inhibitor Numb.  

Methods

Mice
CARloxP/loxP mice and UBC-Cre-ERT2 mice were purchased from Jackson Laboratory. Mice

were maintained at the University of Texas Southwestern Medical Center animal facility.
All animal experiments were performed with the approval of The University of Texas
Southwestern Committee on Animal Care.



Competitive reconstitution analysis
CD45.2 donor bone marrow cells (3×105 unless otherwise

indicated) were mixed with an equal number of freshly isolated
CD45.1 competitor BM cells, and the mixture was injected intra-
venously via the retro-orbital route into 6- to 9-week-old
CD45.1 mice that had been previously irradiated with a total
dose of 10 Gy, essentially as we described.18-20 BM cells (1x106)
collected from primary recipients were used for the secondary
transplantation. In order to measure reconstitution of transplant-
ed mice, peripheral blood was collected at the indicated times
after transplantation and the presence of CD45.1+ and CD45.2+

cells in lymphoid and myeloid compartments was measured.

5-fluorouracil treatment
5-FU was administered intraperitoneally to female wild-type

(WT) or CAR conditional knockout (cKO) mice at a dose of 150,
250, or 300 mg/kg. In order to test Notch signaling, DAPT
(Selleckchem, cat. #S2215) was injected at 10 mg/kg. Differences
in survival of the two groups were analyzed using a log-rank
test.

Retrovirus infection
LNX1 and LNX2 were cloned from cDNA of mouse intestine.

The dominant negative forms (DN-LNX1 and DN-LNX2) were
sub cloned 21 and retroviral plasmids MSCV-DN-LNX1-IRES-
GFP and MSCV-DN-LNX2-IRES-GFP were constructed using
standard methods. The retroviral plasmids with PCL-ECO (2:1)
were transfected using PolyJet (SignaGen) into 293 T cells. The
resulting retroviral supernatant was collected 48-72 hours later
and used for infection. At 6 days after 5-FU injection, the Lin-

cells from the BM of CAR cKO mice were isolated, and the Lin-

cells were resuspended in viral supernatants (1×105 cells/mL)
with 4 mg/mL polybrene and centrifuged at 2,000 rpm for 2
hours before culturing for 24 hours in StemSpan (StemCell
Technologies) in the presence of 10 ng/mL stem cell factor, 20
ng/mL thrombopoietin, and 10 ng/mL interleukin 3. Cells were
then resuspended in viral supernatant for another round of infec-
tion. After 24 hours, green fluorescent protein positive (GFP+)
cells were isolated for repopulation assay.

Statistics 
Statistical significance of differences was assessed using 2-

tailed Student’s t-test. Animal survival analysis was assessed
with long-rank test. A P-value of 0.05 or less was considered sig-
nificant. Values are reported as mean ±  standard error of the
mean.

Results

CAR expression is elevated in stressed hematopoietic
stem cells 
We compared CAR mRNA levels in HSC, hematopoi-

etic progenitors, and differentiated hematopoietic cells
before and after stress. As reported previously,22 CAR is
expressed in differentiated cells and not stem cells or
hematopoietic progenitors with the exception of granu-
locyte-monocyte progenitor (GMP) cells (Figure 1A).
Shortly after treatment of mice with 5-FU or after BM
transplantation, CAR expression was greatly enhanced in
phenotypical LT-HSC (identified as Lin-Sca1+cKit+CD135-

CD34- or LSKFC) compared to untreated mice (Figure
1B). CAR expression returned to the original low level at
the later time point (Figure 1B). However, ST-HSC, mul-
tipotent hematopoietic progenitors (MPP) and

hematopoietic progenitors did not increase CAR expres-
sion after 5-FU treatment (Online Supplementary Figure 1).
In order to prove CAR is expressed on plasma membrane
of HSC, we stained BM cells from 5-FU treated mice
with anti-mCAR. Real-time qantitative polymerase
chain reaction (RT-qPCR) and CAR cKO BM cells both
prove the specific binding of the anti-mCAR (Online
Supplementary Figure 2; Figure 1B). The surface CAR
expression was detected in LSK population after 5-FU
treatment (Figure 1C). Competitive repopulation assay
with sorted CAR negative and positive expressed LSKFC
cells from 5-FU treated mice indicates that both subpop-
ulations had similar repopulation abilities (Figure 1D and
E; Online Supplementary Figure 3). These results imply that
CAR plays a role in HSC during regeneration induced by
stress.

CAR supports hematopoietic regeneration after injury
CAR deletion in mice is embryonically lethal.23 In order

to study the function of CAR, CARloxp/loxp mice were cross-
bred with UBC-CreERT2 mice. In the resulting mice,
global knockout (KO) of CAR can be induced with tamox-
ifen treatment; these mice are thereafter referred to as
CAR conditional KO (cKO) mice. The hematopoietic sys-
tem is damaged by treatment with the chemotherapy
drug 5-FU.24 CAR cKO mice were more sensitive to 5-FU
treatment and died faster. After administration of 300
mg/kg 5-FU, 60% of CAR cKO mice died within 2 weeks,
whereas all WT mice (which were UBC-
CreERT2/CARwt/wt mice with tamoxifen treatment) sur-
vived (Figure 2A). This indicates that CAR is important in
the response to injury of the hematopoietic system. In
order to compare kinetics of hematopoietic system recov-
ery in WT and cKO mice, we treated mice with 250
mg/kg 5-FU, a dose that does not cause death of the WT
mice. The complete blood count (CBC) data indicated
CAR cKO mice had a slower recovery, although there
was not a significant difference in hematopoietic cell
counts between WT and CAR cKO mice before 5-FU
treatment. On day 8 after 5-FU treatment, total white
blood cell (WBC) and individual lineage cell numbers
(including neutrophils, monocytes, eosinophils,
basophils, and lymphocytes) had decreased relative to
pretreatment levels. Numbers rebounded more rapidly in
WT mice than in the CAR cKO mice. On day 14 post 5-
FU treatment there were an average of 12.8x103 ±1.5
WBC per µL in WT mice and only 6.2x103±0.4 WBC per
µl in cKO mice (Figure 2B). On day 17 post treatment, the
CAR cKO mice and WT mice had equivalent WBC counts
of about 12x103 per µL. A significant difference in neu-
trophil numbers between WT and CAR cKO mice was
detected on day 12 (Figure 2B). Red blood cell (RBC) num-
bers decreased more slowly than WBC counts and the
lowest cell counts were detected on day 14 in both WT
and CAR cKO mice. Although there were no significant
differences detected before day 14, the WT mice had sig-
nificant more RBC than cKO mice in peripheral blood
between day 14 and 17 (Figure 2B). Specifically, Mac1+
cells and B220+ cells had significantly faster recovery in
WT mice than in CAR cKO mice after 5-FU treatment
(Online Supplementary Figure 4). These results indicate that
CAR cKO mice produce hematopoietic blood cells more
slowly after 5-FU treatment, which explains why mice
lacking CAR die after a dose of 5-FU that is sub-lethal
dose to WT mice. 

CAR promotes hematopoietic regeneration
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CAR stimulates progenitor production during 
regeneration
The Lin-Sca1+cKit+ (LSK) population of hematopoietic

cells is primarily responsible for production of progeni-
tors during regeneration.25 We compared the production
of hematopoietic progenitors by WT and CAR cKO mice
after dosing with 150 mg/kg 5-FU and after BM transplan-
tation (Figure 3A). The CAR cKO mice produced progen-
itors more slowly during recovery. Before 5-FU adminis-
tration there were no differences in pre-B or myeloid
colony forming units (CFU) in WT and CAR cKO mice.
Four days after 5-FU injection, there were significantly
more pre-B CFU and myeloid CFU but fewer granulocyte,
erythrocyte, monocyte, megakaryocyte (GEMM) CFU in
WT mice than in CAR cKO mice, suggesting a slower
hematopoietic differentiation in CAR cKO mice upon 5-
FU-induced injury. When the mice recovered from injury
at 7 days after 5-FU injection, the CAR cKO mice had the
same number of myeloid CFU and the difference in pre-
B cell CFU between WT and CAR cKO mice was smaller
than on day 4 (Figure 3A). We also injected WT or CAR

cKO BM cells into lethally irradiated recipient mice and
conducted CFU assays for the BM cells. WT donor cells
produced more pre-B and myeloid CFU than CAR cKO
donor cells on days 9 and 11 post transplantation (Figure
3B). The difference disappeared at 2 months after trans-
plantation, suggesting CAR cKO only took effect during
regeneration. These results indicate that CAR stimulates
production of differentiated progenitors.

CAR stimulates entry of “long-term”-hematopoietic
stem cells into cell cycle
Although CAR promotes progenitor production during

regeneration, it did not affect frequency of progenitors or
stem cells during homeostasis (Online Supplementary
Figure 5). During regeneration, HSC enter the cell cycle
and expand.2 During expansion, HSC may self-renew or
differentiate. In order to investigate whether CAR regu-
lates the function of LT-HSC, ST-HSC, and MPP upon
transplantation stress, we collected WT and cKO LT-HSC
(LSKFC) and ST-HSC plus MPP (Lin-Sca1+cKit+CD34+) for
competitive repopulation assays. From day 17 after trans-
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A

Figure 1. CAR is expressed in differentiated hematopoietic cells, and its expression increases in hematopoietic stem cells during regeneration. (A) CAR expression
(determined by real-time qantitative polymerase chain reaction [RT-qPCR] ) in hematopoietic cells, hematopoietic stem cells (HSC), and progenitors including Lin-, LK
(Lin-cKit+Sca1-), LSK (Lin-cKit+Sca1+), LSKFC (Lin-Sca1+cKit+CD135-CD34-), CMP (LKCD34+FcrR-), MEP (LKCD34-FcrR-), granulocyte-monocyte progenitor (GMP)
(LKCD34+FcrR+), and CLP (Lin-cKitlowSca1lowCD135+CD127+). (B) Right panel, CAR expression (determined by RT-qPCR) in LT-HSC (selected as LSKFC) at day 1.5 and
day 7 after 5-fluorouracil (5-FU) treatment (5-FU-1.5d and 5-FU-7d, respectively) and at 9 and 24 days post bone marrow (BM) transplantation (BMT-9d and BMT-
24d, respectively); Left panel, BM cells from wild-type (WT) and CAR conditional knockout (cKO) for analysis CAR expression on LSKFC. (C) CAR surface expression
on LK, LSK and Lin-cKit- population after 5-FU treatment. (D) Flow chart of repopulation experiment for LSKFC CAR- or CAR+. (E) Repopulation results of LSKFC CAR-

or CAR+ (n=7-9). One and half days after treated with 5-FU, BM cells from mice were isolated for flow cytometry analysis (panel B (left) and C) or for isolating LSKFC
cells (D and E). The mRNA levels were calculated based on non-treated LSKFC, and experiments were repeated three times. **P<0.001.
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Figure 2. CAR enhances recovery from 5-fluorouacil treat-
ment. (A) Survival curves of wild-type (WT) (n=6) and CAR
conditional knockout (cKO) (n=10) mice treated with 300
mg/kg 5-fluorouracil (5-FU). The mice administered with
tamoxifen 1 month before 5-FU treatment. (B) One month
after tamoxifen treatment, WT（n=6）and CAR cKO (n=8)
mice were treated with 250 mg/kg 5-FU, and the complete
blood counts at the indicated days were evaluated. *P<0.05,
**P<0.001.
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plantation, the repopulation percentage of WT LT-HSC
donors gradually increased to above 35%, whereas the
percentage decreased to below 2% for WT ST-HSC plus
MPP (Figure 4A). This indicated that LT-HSC play the
major role in regeneration and that ST-HSC and MPP are
quickly exhausted. 
When WT and CAR cKO donors were compared, WT

LT-HSC repopulated about twice as efficiently as CAR
cKO cells in the first 6 weeks (Figure 4A). There was only
a small difference for ST-HSC plus MPP between WT and
CAR cKO cells on days 21 and 23 in Mac1+ population. In
the B220+ population there were significant differences in
LT-HSC, but not in ST-HSC plus MPP, between WT and
CAR cKO donors (Figure 4A). This suggests that CAR
cKO impairs the function of LT-HSC but not of ST-HSC
and MPP. At 170 days after transplantation, the repopula-
tion percentages donor LSKFC of WT and CAR cKO LT-
HSC groups did not differ significantly (Figure 4B), indi-
cating that CAR deficiency does not alter LT-HSC activity
during regeneration. These results indicate that CAR
stimulates regeneration mainly by affecting LT-HSC. 
In order to evaluate whether lack of CAR is detrimental

after bone marrow transplantation, we conducted anoth-
er repopulation assay (Figure 4C). Here WT or CAR cKO
BM cells were mixed with an equal number of CD45.1
BM cells and were injected into lethally irradiated recipi-
ent mice. WT donor cells showed greater repopulation
ability in both myeloid and lymphoid cells than CAR
cKO donor cells in first 6 weeks after transplantation.
After 6 weeks, the difference between WT and CAR cKO
repopulation gradually diminished. At 16 weeks after BM
transplantation, the repopulation percentage of the donor

BM cells from CAR cKO mice was not significantly differ-
ent from that in mice that received WT cells (Figure 4C).
In the second transplantation, CAR cKO donor cells had
no defects in long-term repopulation ability (Figure 4C).
This serial transplantation analysis indicates that the self-
renewal of LT-HSC was not affected by CAR. In addition,
CAR did not affect homing ability of HSC (Online
Supplementary Figure 6). The limiting dilution analysis
indicates that CAR cKO did not change the frequency of
HSC in BM (Online Supplementary Table1). This result sug-
gests that CAR enhances the speed of hematopoietic
repopulation after BM transplantation but does not
change HSC activity over the long term. Together, these
results demonstrate that CAR supports hematopoietic
regeneration after stress. Furthermore, the donor BM
cells from Scl-CreERT/CARloxp/loxp mice in which CAR
was specifically cKO in hematopoietic cells also had
defects in initial repopulation after BM transplantation
(Online Supplementary Figure 7), indicating that CAR on
the hematopoietic cells plays a major role in regenera-
tion. In repopulation assay with CAR cKO recipient mice,
CAR cKO in the donor hematopoietic cells still resulted in
defects in repopulation (Online Supplementary Figure 8),
suggesting that CAR in the BM microenvironment is not
essential for the function of CAR in regeneration.
Next, we assessed phenotypical LT-HSC (LSKFC), stem

cells, and multiple progenitors in WT and CAR cKO mice
after 5-FU treatment. None of these populations altered
once the mice recovered from 5-FU injury (Figure 4D). In
order to test whether the functional LT-HSC were affected
by CAR after injury, BM transplantation was conducted
with the donor cells collected from mice 1 month after 5-
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Figure 3. CAR stimulates progenitor production after 5-fluorouacil treatment and bone marrow transplantation. (A) One month after tamoxifen treatment, bone
marrow (BM) cells from wild-type (WT) or CAR conditional knockout (cKO) mice were isolated before and at indicated days after 5-fluorouracil (5-FU) treatment (150
mg/kg) for colony forming units assays. (B) CFU assays of BM cells after transplantation of 1x106 total BM cells into lethally irradiated WT. *P<0.05; 
**P<0.001.
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FU treatment. There was no difference in the long-term
repopulation ability between WT and CAR cKO donors in
this experiment (Figure 4E). Together, our results indicated
that self-renewal of LT-HSC was not affected by CAR nei-
ther during homeostasis nor during regeneration.
In order to further understand how CAR affects LT-HSC,

the population LSKFC cells were identified from mice on
different days after 5-FU treatment and cell cycle states
were analyzed (Figure 5). Before 5-FU injection, there was
no difference between WT and CAR cKO cell cycle status.
At 1.5 days after treatment, there was a significantly lower
frequency of WT LSKFC in the G0 stage, and more WT
LSKFC cells in apoptosis than prior to treatment because 5-
FU kills cycling cells. After 3 days, more WT LSKFC than

CAR cKO cells were in G1 stage and fewer were in G0
stage (Figure 5). These results suggest that CAR is needed
for the transition into the cell cycle. On day 5 post 5-FU
treatment, more than 90% of LSKFC cells were cycling and
there were no differences between WT and CAR cKO pop-
ulations. This implies that CAR is needed immediately
after injury. Compared to CAR cKO mice, LSKFC of WT
mice returned to homeostasis earlier, as more WT than
CAR cKO LSKFC were at the G0 stage on day 6. In addi-
tion, CAR+ LSKFC cells were positive for Ki67 staining and
thus were cycling, whereas most CAR- LSKFC cells were
Ki67 negative right after 5-FU treatment (Online
Supplementary Figure 9). Thus, CAR appears to stimulate
quiescent HSC to enter the cell cycle.

CAR promotes hematopoietic regeneration
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Figure 4. CAR stimulates regeneration by forcing hematopoietic stem cells into the cell cycle but does not affects self-renewal. (A) Competitive repopulation assays
were performed with LT-HSC (LSKFC, LSKCD34-CD135-) or “short-term” HSC (ST-HSC) plus multipotent hematopoietic progenitors (MPP) (LSKCD34+) from wild-type
(WT) or CAR conditional knockout (cKO) donors (1 month after tamoxifen treatment) and CD45.1 WT competitor bone marrow (BM). Percentages of donor peripheral
leukocytes in total peripheral blood (PB), the Mac1+ population, and the B220+ population after BM transplantation are plotted. (B) Percentages of donor LT-HSC
(CD45.2) in total BM LT-HSC (CD45.1 plus CD45.2) 170 days after transplantation. (C) Competitive repopulation assays after initial BM transplantation were per-
formed with a 1:1 ratio of donor (CD45.2) and CD45.1 WT competitor BM. Shown are the percentages of donor peripheral leukocytes (CD45.2) in total PB, the Mac1+

population, and the B220+ population. Data are means ± standard error of the mean, n=7-9 mice. (D) Number of LSK and LSKFC cells in BM before and after treat-
ment with 150 mg/kg 5-FU (n=3-9 mice per group). (E) Donor mice (1 month after tamoxifen treatment) were injected with 150 mg/kg 5-FU, and 1 month later, com-
petitive repopulation assays were performed with a 1:1 ratio of donor and CD45.1 WT competitor BM. Shown are the percentages of donor peripheral leukocytes in
total PB, the Mac1+ population, and the B220+ population. Data are means ± standard error of the mean, n=9-10 mice. *P<0.05; **P<0.001. NS: no significant
difference.
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CAR stimulates Notch signaling
We sought to identify the underlying mechanism by

which CAR mediates hematopoietic regeneration after
stress. CAR binds to LNX, an E3 ligand of Numb,21 sug-
gesting the function of CAR may be related to Numb.
After 5-FU treatment, Numb protein levels in HSC grad-
ually decreased, and the population with no Numb stain-
ing increased from 5.7±0.3% on day 0 to 62.4±1.4% on
day 5 (Figure 6A). On day 7, the Numb-negative popula-
tion decreased to 6.8±1.5% (Figure 6A) as HSC had
returned to homeostasis. Concordantly, the Numb
mRNA levels decreased by more than 16 times on day 5
relative to pre-treatment levels and had returned to pre-
treatment levels on day 7 (Figure 6A). HSC in WT mice
entered the cell cycle earlier than did CAR cKO counter-
parts after 5-FU treatment (Figure 5). At 1.5 days after 5-
FU treatment, there were fewer LSKFC cells that did not
stain for Numb in CAR cKO mice than WT mice (Figure
6B), whereas there were no differences detected before
or 5 days later after 5-FU treatment (Online Supplementary
Figure 10A). The Numb mRNA levels in CAR cKO mice
were similar to those in WT mice at 1.5 days after 5-FU
treatment (Online Supplementary Figure 10B), suggesting
that CAR mediates the degradation of Numb protein but
does not affect Numb mRNA. In addition, there was
fewer Numb protein in CAR+ LSKFC cells than in CAR-

LSKFC cells (Figure 6C). Because Numb specifically
inhibits Notch signaling,26-28 these results suggest that
Notch signaling is involved in CAR-mediated
hematopoietic regeneration.
Notch signaling was previously reported to play an

important role in hematopoietic regeneration.6,29,30 In

order to test how Notch signaling influences the function
of CAR during regeneration, we treated mice with
DAPT, an inhibitor of Notch signaling, with or without
300 mg/kg 5-FU. Whereas 5-FU treatment decreased sur-
vival of CAR cKO mice relative to WT counterparts,
there was no difference in survival between 5-FU-treated
WT and CAR cKO mice when Notch signaling was
blocked by DAPT (Figure 6D). This implies that CAR
stimulates regeneration via Notch signaling. At 1.5 days
after 5-FU treatment, 4.2% of LSKFC cells were Notch1
positive in CAR cKO mice compared to 8.7% in WT
mice, whereas 27.7% and 27% of LSKFC cells in CAR
cKO and WT mice were positive for Notch2, respective-
ly (Figure 6E). This indicate that Notch1, but not Notch2,
is involved in the function of CAR. There were signifi-
cantly lower levels of hes1, hey1, and myc, all Notch1 tar-
get genes, in CAR cKO mice compared to WT mice at 1.5
days after 5-FU treatment; there were no differences in
levels of these mRNA prior to 5-FU treatment (Figure 6F).
In addition, CAR cKO resulted in a defect in T-cell repop-
ulation (Online Supplementary Figure 11), which further
suggests a connection between CAR and Notch1, as
Notch1 affects T-cell development.31 Notch1 target genes
indeed increased right after 5-FU treatment (Online
Supplementary Figure 12). With 5-FU treatment, CAR+
HSC had more surface Notch1 protein than CAR- HSC
(Figure 6G). Overexpression of CAR in LSKFC cells in
vitro also increased Notch1 target gene expression (Online
Supplementary Figure 13). In order to further confirm that
CAR stimulates Notch signaling, we overexpressed the
dominant negative MAML (dnMAML)32-34 in 5-FU treated
Lin- BM cells from UBC-Cre-ERT2/CARloxp/loxp mice
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Figure 5. CAR stimulates hematopoietic stem cells proliferation after 5-fluorouracil treatment. Before and after 5-fluorouracil (5-FU) (150 mg/kg) treatment, cell
cycle states of LSKFC cells were determined. The flow cytometry images are the representative results of bone marrow (BM) samples from wild-type (WT) or CAR
conditional knockout (cKO) mice different times after 5-FU treatment, and the summaries of each time point after 5-FU treatment are on the right of flow cytometry
images. The percentages of cell cycle states in total hematopoietic stem cells (HSC) (LSKFC) are indicated. Every groups include n=4-9 mice. G0: cell in G0 phase;
G1; SG2M: cell in S, G2 and M phase; AP: cells in apoptosis. *P<0.05, **P<0.001.
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Figure 6. CAR enhances regeneration by stimulating Notch signaling. (A) Left panel: representative flow cytometry analyses of Numb negative and positive staining
of LSKFC populations of 5-fluorouracil (5-FU) treated mice. Right top panel: Quantification of Numb negative staining in LSKFC. Right bottom panel: Quantification
of Numb mRNA levels in LSKFC populations of 5-FU treated mice (the mRNA levels were calculated based on the 20-hour group, and experiments were repeated
three times). (B) Top panel: representative flow cytometry analyses of Numb negative and positive staining in LSKFC populations at 36 hours after 5-FU treatment.
Bottom panel: quantification of percentage of Numb negative LSKF cells in wild-type (WT) and CAR conditional knockout (cKO) cells, n=5 mice per group. (C) Numb
and mouse CAR co-staining in LSKFC population of mice at 36 hours after 5-FU treatment. (D) Survival curves of WT and CAR cKO mice after injection with 300
mg/kg 5-FU and Notch signal inhibit DAPT, n=9-12 mice per group. (E) Right panel: representative flow cytometry analyses of membrane Notch1/2 staining in LSKFC
populations at 36 hours after 5-FU treatment. Left top panel: quantification of percentage of Notch1-stained cells in LSKFC populations. Left bottom panel: quan-
tification of percentage of Notoch2-stained cells in LSKFC populations, n=9 mice per group. (F) mRNA levels of CAR Notch target genes hes1, hey1, and myc in LSKFC
populations before (right panel) and 36 hours after 5-FU treatment (left panel). (G) Notch1 and mCAR co-staining in LSKFC population of mice at 36 hours after 5-
FU treatment. (H) Flow chart of experiment used to test whether Notch, LNX1 or LNX2 is involved in CAR function. DN-MAML, DN-LNX1 or DN-LNX2 was expressed
in Lin- BM cells from CAR cKO mice without treatment of tamoxifen (UBC-Cre-ERT2/CARloxp/loxp), and these cells were used in repopulation assays. The recipient mice
were treated with tamoxifen as CAR cKO group and treated with vehicle as WT group. (I and J) Percent repopulation of peripheral blood (PB) (left panels), the Mac1+

population (middle panels), and the B220+ population (right panels) by cells, n=8-10 mice per group. *P<0.05.
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(CAR cKO mice before treatment with tamoxifen) to
specifically inhibit Notch signaling (Figure 6H). In the
competitive repopulation assay, the recipient CD45.1
mice were treated with tamoxifen to induce CAR cKO in
the donor cells, with vehicle treatment as controls. With
overexpressed dnMAML, the donor WT and CAR cKO
BM cells showed the same repopulation abilities, where-
as WT BM cells had a stronger repopulation ability than
CAR cKO BM cells in the control condition (Figure 6I). In
order to test whether enhanced Notch1 signaling rescues
the phenotype of CAR deficiency, CAR cKO mice inject-
ed with 5-FU (300 mg/kg) were treated with valproic
acid, a Notch1 activator.35 These mice survived signifi-
cantly longer than CAR cKO mice without valproic acid
treatment (Online Supplementary Figure 14). In addition,
valproic acid restored the repopulation ability of CAR
cKO HSC (Online Supplementary Figure 15).
LNX contains a PDZ domain that may bind to the PDZ

binding motif in the intracellular domain of CAR.36, 37
There are two forms of LNX: LNX1 and LNX2.36, 37 In
order to test the roles of LNX1 and LNX2 in the function
of CAR, the dominant negative (DN) forms of the LNX
proteins (DN-LNX1 and DN-LNX2) with the ring finger
domains and the NPXY motifs deleted 21 were over
expressed in 5-FU treated Lin- BM cells from UBC-Cre-
ERT2/CARloxp/loxp mice (CAR cKO mice before treatment
with tamoxifen), and a competitive repopulation assay
was performed (Figure 6H). The cells expressing control
DNA had significantly weaker repopulation ability in
CAR cKO mice than in WT mice in both myeloid
(Mac1+) and lymphoid (B220+) populations (Figure 6J).
Repopulation of WT and CAR cKO mice was similar
when donor cells expressed DN-LNX2, while donor cells
expressing DN-LNX1 less effectively repopulated CAR
cKO mice (Figure 6J). At 170 days after transplantation,
repopulation percentages were similar in all groups
(Figure 6J), indicating that lack of CAR had no effect on
the total HSC pool. In order to further explore the rela-
tionship among CAR, LNX2 and Numb, we overex-
pressed CAR, LNX2 or DN-LNX2 in Lin- cells and evalu-
ated the protein levels of Numb in LSK cells with flow
cytometry. Overexpression of CAR or LNX2 decreased
the Numb level in LSK cells, whereas DN-LNX2 elevated
Numb expression (Online Supplementary Figure 16). These
data suggest that LNX2, but not LNX1, is involved in the
function of CAR (Online Supplementary Figure 17).

Discussion 

Substantial efforts have been dedicated toward uncover-
ing the mecha nisms that regulate HSC niche maintenance.7,
8 Recent studies demon strated the essential roles of BM
endothelial cells and osteolineage cells in regulating HSC
regeneration following myelotoxicity38-40 and identified two
BM endothelial cell-derived paracrine factors, PTN and
EGF, and osteolineage cell-derived Dkk1 as regulators of
HSC regeneration in vivo.38,41,42 Here we identified CAR as a
membrane protein on HSC that is rapidly upregulated after
stress, whose transient expression induces quiescent HSC
to enter the cell cycle to counteract the hematopoietic
injury. Without CAR, the process was delayed, and the
mice in which CAR was conditionally deleted were more
sensitive to injury than WT mice. Lack of CAR neither
changed the pool nor altered the self-renewal of HSC.

Mechanistically we showed that elevated CAR upon stress
activates Notch1 signaling by down regulating expression
of Notch antagonist Numb to facilitate entry of quiescent
HSC into the cell cycle. To our knowledge, this is the first
report demonstrating the role of CAR in HSC regeneration. 
The Notch pathway plays an important part in many

developmental processes and appears to regulate many
adult stem cell fate decisions.43, 44 While it was reported that
Notch signaling is dispensable for HSC self-renewal and
maintenance during hematopoiesis,45, 46 Notch1 can pro-
mote the expansion of LT-HSC while preserving self-
renewal ability.47, 48 The expression of the canonical Notch
ligands Jagged-1 and Jagged-2 by endothelial cells support
hematopoietic regeneration.10, 29 Varnum-Finney et al.
showed that Notch2 enhances the rate of formation of
short-term repopulating multi-potential progenitor cells as
well as LT-HSC after 5-FU treatment.6 Our results indicate
that expression of CAR in quiescent LT-HSC increases
Notch1 expression and induces HSC to enter the cell cycle
immediately after injury and has no effect on HSC that
have entered the cell cycle. Of note, this Notch1-mediated
proliferation upon stress does not alter self-renewal of
HSC.
Numb is a membrane-associated, evolutionarily con-

served adaptor protein that regulates cell fate determina-
tion via its ability to antagonize Notch signaling.49, 50 Normal
HSC differentiation and self-renewal occur in the absence
of Numb during homeostasis.51 We observed that Numb
expression decreased after injury and then returned to nor-
mal levels after the injury was repaired (Figure 6A), and
CAR accelerated Numb protein degradation before Numb
mRNA levels decreased （Figure 6B). A low level of Numb
protein might be necessary for functional Notch signaling
during regeneration. Low NumbmRNA levels during regen-
eration may be due to inhibition by Notch signaling.52 LNX
proteins are E3 ligases that act on Numb 53 and that may
bind to the PDZ motif of CAR.36, 37 Here we demonstrated
that CAR expressed on HSC activates Notch signaling via
LNX2, suggesting the PDZ motif of CAR plays a critical
role in hematopoietic regeneration. CAR and CAR can
form trans-interaction with a low affinity,54 and this trans-
interaction may stimulate CAR downstream signaling.
However, in CAR cKO recipient mice, CAR expressed on
donor hematopoietic cells still plays a critical role in regen-
eration in repopulation assay (Online supplementary Figure
8). Analysis of BM cells after 5-FU injection, HSC were
more prone to increase CAR expression compared to other
cells (Figure 1C). These results indicate that CAR expressed
in the BM microenvironment is not important in HSC
regeneration, and an unknown ligand may act on CAR and
on HSC to regulate transition from quiescence to prolifera-
tion during hematopoietic stress. These possibilities war-
rant future investigations.
How HSC detect signals sent upon injury remains

unknown. Low oxygen tension (hypoxia) is thought to be
a characteristic of the quiescent HSC niche,55 and oxygen
levels may change markedly after radiation and chemother-
apy.56 CAR expression is repressed by hypoxia inducible
factor-1a (Hif-1a).57 We therefore propose that the oxygen
increase resulting from hematopoietic injury may suppress
Hif-1a expression, leading to induction of CAR expression.
This transient elevation of CAR levels activates Notch1 sig-
naling by down regulating expression of Notch antagonist
Numb. Notch signaling could promote expansion of HSC
by preventing hematopoietic cell differentiation upon
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stress.10,29,47,48 Our study suggests that the coupling of Notch
with CAR enables a checked cell fate of HSC with
increased cell cycling but not over-differentiation. Overall
the mechanism facilitates the entry of quiescent HSC into
the cell cycle with maintenance of stemness. Our continu-
ous study in this subject may lead to development of novel
strategies for promotion of stem cell regeneration. 
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MYB is a key regulator of definitive hematopoiesis and it is dis-
pensable for the development of primitive hematopoietic cells
in vertebrates. In order to delineate definitive versus primitive

hematopoiesis during differentiation of human embryonic stem cells, we
have introduced reporters into the MYB locus and inactivated the gene
by bi-allelic targeting. In order to recapitulate the early developmental
events more adequately, mutant and wild-type human embryonic stem
cell lines were differentiated in defined culture conditions without the
addition of hematopoietic cytokines. The differentiation of the reporter
cell lines demonstrated that MYB is specifically expressed throughout
emerging hematopoietic cell populations. Here we show that the disrup-
tion of the MYB gene leads to severe defects in the development and pro-
liferation of primitive hematopoietic progenitors while the emergence of
primitive blood cells is not affected. We also provide evidence that MYB
is essential for neutrophil and T-cell development and the upregulation
of innate immunity genes during hematopoietic differentiation. Our
results suggest that the endothelial origin of primitive blood cells is direct
and does not include the intermediate step of primitive hematopoietic
progenitors.
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ABSTRACT

Introduction 

Mammalian hematopoietic development is a multistage process that occurs in
two distinct sites of the vertebrate conceptus, the yolk sac and the embryo proper.
The primitive hematopoietic program of the yolk sac is transient and restricted to
a few blood cell lineages. The earliest clonogenic hematopoietic progenitors arise
within the extraembryonic mesoderm of the mid-streak mouse conceptus and pre-
cede the appearance of first hemoglobinized erythroblasts by about 1.5 days of
gestation.1,2 The primitive hematopoietic progenitors are thought to give rise to all
primitive erythroblasts and other primitive blood cells.1,3,4 The progenitor-derived
primitive erythroblasts gradually mature and ultimately enucleate within mouse
embryo circulation.5

Myb, one of the key hematopoietic transcription factors, is essential for the
maintenance of definitive hematopoietic progenitors with high proliferative poten-
tial.6 In the developmental context, the Myb gene is expressed in the definitive ery-
throid precursors of mouse fetal liver but is not detected in primitive erythroid cells
of the yolk sac.7 The homozygous disruption of Myb is embryonic lethal by E15.5
due to progressive anemia caused by defects in the definitive erythropoiesis,
whereas primitive hematopoiesis is not affected.8 The role of MYB in human
hematopoiesis has been studied using the hematopoietic differentiation of human
pluripotent stem cells (hPSC) in vitro as a model of human hematopoietic develop-



ment. These studies have supported the established
notion of MYB as the definitive hematopoietic factor that
does not contribute to the development of the primitive
wave.9,10
In an attempt to pinpoint the origin of the definitive

hematopoiesis, we generated MYB reporter and MYB-null
human embryonic stem cells (hESC) lines by gene target-
ing and subjected them to hematopoietic differentiation in
defined conditions without exogenous hematopoietic
cytokines. Unexpectedly, we have found that MYB is
essential for the development and proliferation of primi-
tive clonogenic progenitors. Our results suggest that the
early primitive blood cells can develop independently of
the primitive clonogenic progenitors that constitute a sep-
arate minor cell population of primitive hematopoiesis.

Methods

The hESC line used in this study was H1 (NIH code WA01). In
order to initiate hematopoietic development, briefly formed
embryoid bodies (EB) were allowed to attach to surfaces that were
coated with extracellular matrix proteins. The cells were differen-
tiated in a Stemline®II SFM (Sigma-Aldrich, St. Louis, MO, USA) –
based medium supplemented with hVEGF165 (PeproTech, Rocky
Hill, NJ). During the first 2 days post-attachment, hBMP4
(PeproTech) was added to initiate mesoderm formation.
Additional information on materials and methods is provided in
the Online Supplementary Appendix.

Results

Generation of reporter cell lines and bi-allelic
inactivation of MYB
In order to create MYB reporter hESC lines, we have

introduced alternative fluorescent gene reporters Venus
and tdTomato into the second exon of MYB by TALEN-
mediated homologous recombination (Figure 1A; Online
Supplementary Figure S1A and B). The reporter insert con-
taining a strong transcription stop signal has been placed
downstream of the transcription elongation attenuation
site and the second promoter both located in the first
intron.11,12 This position of the reporter genes maximized
the probability of making reporter expression closely
reflect transcription regulation of MYB. 
Properly targeted clones were selected by Southern

hybridization with two different biotin-labeled probes
(Online Supplementary Figure S1C and D). For bi-allelic inac-
tivation, we excised the PGK-PuroR cassette by Cre recom-
binase and subjected resulting PuroS clones to the second
round of electroporation with the targeting construct and
TALEN (Online Supplementary Figure 1E and F). Real-time
reverse transcription polymerase chain reaction (RT-PCR)
and western blotting showed that the MYB expression in
differentiated bi-allelic knockout cells was effectively
switched off (Figure 1B and C). Analysis of MYB exonal
expression using RNA sequencing of differentiated mutant
hESC confirmed that the gene transcription elongation is
blocked by the inserted gene cassette (Online Supplementary
Figure S2A). The analysis demonstrated that despite the
presence of the PGK promoter in the second targeted allele
the promoter leakage was negligible. Karyotyping of the
targeted cells did not reveal any gross chromosomal aber-
rations (Online Supplementary Figure S2B).

MYB is specifically expressed in the early human 
blood cells
We subjected H1-isogenic hESC reporter lines (single

knockout, SKO, cells) and MYB-null lines (double knock-
out, DKO, cells) to a modified planar hematopoietic differ-
entiation in defined culture conditions.13-15 These condi-
tions improve the reproducibility of the data,15 which is
critical for reliable phenotypic analysis of the mutant
hESC lines. Moreover, we did not add hematopoietic
cytokines to the differentiation medium for closer recapit-
ulation of the early hematopoietic development. The
rationale for adopting such protocol was that high concen-
trations of hematopoietic cytokines are unlikely to occur
in the early conceptus.16
The recapitulative quality of such hematopoietic

cytokine-free in vitro differentiation was manifested by the
spontaneous formation of vascular plexus-like structures
and transitory blood island-like VE-Cadherin+ cell aggre-
gates at which hematopoietic induction occurred in a
process similar to the endothelial-to-hematopoietic transi-
tion (EHT) (Figure 1D). Single or clumped CD43+ cells
emerged on the fringes of the “blood islands” after appar-
ent downregulation of VE-Cadherin in the peripheral cells,
and the loss of VE-Cadherin was followed by dissociation
of the nascent blood cells from the aggregates (Figure 1D).
The emerging CD43+ cells induced the expression of key
hematopoietic transcription factors, such as GATA1,
GATA2, GFI1, GFI1B, KLF1, LMO2, MYB, RUNX1, SPI1,
TAL1, which attested the hematopoietic commitment of
these cells in contrast to non-hematopoietic CD43-nega-
tive cells (Figure 1E). In accordance with the transcrip-
tomics data, MYB-Venus+ cells emerge within these in vitro
blood islands (Figure 1F). Our observations suggest that
the segregation of the early blood cells from the hESC-
derived hemogenic endothelium (HE) is similar to the ini-
tiation of hematopoiesis in the yolk sac.2
The SKO cells demonstrated vigorous hematopoietic

development identical to that of the parent “wild-type”
(WT) H1 hESC (Online Supplementary Figure 3A), indicating
the absence of non-specific genetic lesions in these cells.
Time course quantitation of MYB-Venus fluorescence in
SKO cells and MYBmRNA in WT cells showed two peaks
of expression, on day 6 and around day 14 (Figure 1G).
The close correlation of MYB-Venus flow cytometry of
SKO cells and the MYB qRT-PCR data of WT cells indi-
cates that the knockin reporter system faithfully reflects
MYB expression. Undifferentiated SKO hESC were
Venus-negative while the MYB-Venus expression was
induced upon the upregulation of the earliest hematopoi-
etic markers and concomitant downregulation of pluripo-
tency markers (Figure 2A). Starting on day 6 of
hematopoietic differentiation, MYB-Venus was specifical-
ly expressed in overlapping blood cell populations (Online
Supplementary Figure S3A). Within differentiated cultures
on day 6 and day 10, the highest level of MYB-Venus
expression was observed in the CD41ahighCD235a+ ery-
thro-megakaryocyte precursors and the CD34lowCD45+
phenotypic progenitor population, respectively (Online
Supplementary Figure S3B and C).
In agreement with the flow cytometry data, RNA

sequencing demonstrated around 20 times higher levels of
MYB mRNA in day 6 CD43+ cells compared to day 6
CD43- non-blood cells (Figure 2B). The MYB+ /CD43+ cells
also selectively expressed high levels of GYPA (CD235a)
and ITGA2B (CD41a) mRNA. These markers were shown
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Figure 1. The outline of the experimental system for studying the role of MYB in early human hematopoietic development. (A) Scheme of the MYB gene targeting.
Designations are as in Online Supplementary Figure S1B. (B) Quantitative real-time polymersase chain reaction (qRT-PCR) analysis of the MYB expression in day 6
differentiated wild-type (WT), SKO, and DKO cells. Here and elsewhere: SKO1, DKO1, and DKO2, independent single and double knockout H1-isogenic cell lines. (C)
Western blot analysis of day 12 differentiated MYB knockout cells. PB-MYB+DOX, MYB-null cells transfected with a PiggyBack-TRE-CMV-MYB cDNA vector and acti-
vated by doxycycline (DOX). (D) In vitro blood islands in the cytokine-free hematopoietic differentiation of human embryonic stem cells (hESC). Upper panels show
representative phase-contrast images of the early stages of H1 hESC differentiation, the lower panels – immunocytofluorescent staining of the cultures at the cor-
responding stages of differentiation. Scale bar – 100 mm. (E) Expression of selected transcription factors in CD43+ versus CD43– cell population on day 6, 9, and 12
of hematopoietic differentiation of H1 hESC. Gene expression levels in the heatmap are normalized by Z-score transformation across the RNA-seq experiments, with
three independent biological repeats for each cell population. (F) The emergence of MYB-Venus+ DKO cells (DKO2) from the in vitro blood island structures on day 7
of differentiation. Scale bar – 100 mm. (G) Venus reporter expression faithfully reflects the dynamics of MYB mRNA levels during the time course of differentiation.
The upper bar plot is the quantitation, exemplified by contour plots on the left, of the MYB-Venus expression dynamics in SKO cells (Online Supplementary Figure
S3A). The lower bar plot demonstrates the quantitation of MYB mRNA by qRT-PCR in undifferentiated (UD) and differentiated WT H1 hESC on the EB stage (day 0)
through day 20. The data are mean ± standard deviation, *P<0.05, two-tailed Student’s t-test.
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to be specific for the hESC-derived primitive human
hematopoiesis.17,18 Correspondingly, cell populations
expressing CD43, CD235a, and CD41a were strongly sup-
pressed by SB-431542, the inhibitor of Activin/Nodal sig-
naling and primitive human hematopoiesis17 (Figure 2C).
Principal component analysis (PCA) revealed a very close
similarity of gene expression profiles in day 6 DKO/SKO
MYB-Venus+ cells and WT CD43+ primitive blood cells
whereas gene expression of day 6 DKO/SKO MYB-Venus–
cells closely correlated with the profile of WT CD43– cells
(Figure 2D). Taken together, these observations indicate
that in contrast to mouse data1,7 MYB is specifically
expressed in the primitive human blood cells.

Defective development of myeloid and T cells derived
from MYB-null human embryonic stem cells
The MYB-Venus fluorescence in differentiated DKO

hESC was much stronger compared to SKO cells, while
the hematopoietic specificity of the reporter expression
was preserved (Figure 2E). The upregulation of 
MYB-Venus expression in the MYB-null cells was signifi-
cantly higher than the expected two-fold rise in cells with
the bi-allelic knockin of a reporter gene (Figure 2F) indicat-
ing negative transcriptional autoregulation of MYB tran-
scription during the early human hematopoietic develop-
ment.
Despite the specific expression of MYB in early human

blood cells, its bi-allelic inactivation did not perturb the
emergence of blood cells at the early stages of differentia-
tion (Figures 2E and 3A). The vast majority of these 
MYB-independent early blood cell populations were
CD235a+/CD41a+ cells of the primitive erythro-
megakaryocytic lineage (Figure 3A). Minor qualitative
alterations in the expression of hematopoietic markers
were noticeable in the CD43+CD45+ DKO cell population
starting from day 10 of differentiation. (Figure 3B). The
phenotypical differences become increasingly prominent
by day 12 (Online Supplementary Figure 4A). By day 20,
DKO cells failed to develop into CD14lowCD66b+CD86-
neutrophil granulocytes, and the development of CD11b+
immature myeloid cells was also negatively affected
(Figure 3C). SKO cells demonstrated an intermediate
myeloid phenotype, indicating a dose-dependent manner
of MYB contribution to early human myeloid develop-
ment and further validating the observed phenotype of
MYB-null cells. The emergence of CD14+CD86+ mono-
cytes and macrophages was apparently independent of
MYB. The defect in the myeloid development of DKO
cells was detected already on day 16 (Online Supplementary
Figure S4B). Thus, MYB does not participate, or its defi-
ciency is compensated, in the initial hematopoietic com-
mitment, but the gene is critically important for granulo-
cyte development and maturation. 
The transcriptomes of MYB-Venus+/CD43+ early blood

cell populations sustained significant changes between
day 6 and day 12. In contrast, the gene expression profiles
of non-blood MYB-Venus-/CD43- remained almost the
same (Figure 2D), except day 12 SKO MYB-Venus- popu-
lations containing blood cells that by day 12 further
decreased the low MYB-Venus fluorescence of SKO cells
and were sorted into the MYB-negative population. The
day 6 – day 12 shift in gene expression of MYB-
Venus+/CD43+ cells reflects a vigorous hematopoietic
development in which MYB had limited influence because
day 12 DKO/SKO MYB-Venus+ cells continued to cluster

with day 12 WT CD43+ cells. The data support our phe-
notypic observations that the functional influence of MYB
on the emergence of early blood cells is limited.
Nevertheless, the transcriptomes of DKO/SKO 

MYB-Venus+ and WT CD43+ cell populations were more
divergent by day 12 compared to the close clustering of
day 6 populations (Figure 2D). This divergence was suffi-
cient for a reliable differential gene expression (DEG)
analysis, and the GO term enrichment revealed a clear
pattern of expression changes that occurred in MYB-null
blood cells. Inactivation of MYB resulted in the downreg-
ulation of genes responsible for the innate immune and
inflammatory response (Figure 4A; Online Supplementary
Figure S5A). In DKO cells, mainly non-hematopoietic
genes were upregulated, which suggests that MYB disrup-
tion switches hESC differentiation from hematopoietic to
non-hematopoietic development. We also found that in
addition to known MYB target genes such as GFI1, and
BCL2, the MYB deficiency led to the suppression of two
key regulators of myeloid differentiation, CEBPA and SPI1
(PU.1) (Figure 4B). Furthermore, the expression of CDK6,
a key regulator of HSC activation,19 was inhibited in DKO
cells whereas several CDK inhibitors were upregulated
including CDKN1A (CIP1/WAF1), a major mediator of 
p53-dependent tumor suppression.20 The expression of
myeloid cytokine receptor genes, CSF1R and CSF3R, as
well as a number of genes encoding receptors for pro- and
anti-inflammatory cytokines were negatively affected by
MYB inactivation (Online Supplementary Figure 5B). The
expression of CSF3R was most severely affected, which
can explain the observed defects in the granulocyte devel-
opment of MYB-null cells. In sum, the transcriptome pro-
filing confirmed the involvement of MYB in the develop-
ment of innate immune myeloid cells and indicated possi-
ble mechanisms of MYB regulation of the early human
hematopoiesis.
We also confirmed the crucial role of MYB in the devel-

opment of definitive hematopoiesis. Analysis of the T-cell
potential is a standard procedure to monitor definitive
hematopoietic development in differentiating cultures of
hPSC.17 We found that MYB inactivation led to complete
failure of lymphoid cell development in the co-culture
with OP9-DL4 stroma while WT cells efficiently produced
CD5+CD7+ and CD4+CD8+ T cells (Online Supplementary
Figure S6).

MYB inactivation results in the deficiency of primitive
clonogenic progenitors
Next, we investigated whether MYB is required for the

development of clonogenic hematopoietic progenitors. In
our differentiation system, the earliest clonogenic progen-
itors arise on day 6, and their emergence coincides with
the spontaneous formation of the in vitro blood islands
(Figure 1D). All erythroid/erythro-myeloid progenitors
corresponded to the primitive hematopoietic lineage pro-
ducing primitive erythroblasts of characteristic morpholo-
gy and primitive megakaryocytes distinguished by their
relatively smaller size and less lobular nuclei (Figure 5A).21
Moreover, gene expression profiling of pooled methylcel-
lulose colonies showed the overwhelming predominance
of embryonic hemoglobin expression (Figure 5B). We des-
ignated the hESC-derived primitive erythroid progenitors
with higher proliferative potential as BFU-EP (Burst
Forming Unit – Erythroid, Primitive), and those with low
proliferative potential as CFU-EP (Colony Forming Unit –
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Figure 2. MYB is specifically expressed in the emerging hematopoietic cells. (A) Specific expression of MYB-Venus in the early blood cells during the initial phase of
hematopoietic differentiation of SKO1 cells. Here and elsewhere, numbers in flow cytometry plots represent the percentages of cells within the respective quadrants.
Representative flow cytometry data of four experiments are shown. (B) Human embryonic stem cells (hESC)-derived CD43+ cells selectively co-express mRNA of MYB
and the markers of primitive human blood cells, ITGA2B and GYPA. Differentiated wild-type (WT) H1 hESC were used for transcriptome analysis. (C) Inhibition of
Activin/Nodal signaling by addition of 6 mM SB-431542 between day 2 and day 4 of differentiation strongly suppressed the development of CD43+ and 
CD235a+ /CD41a+ primitive blood cell populations. (D) Principal component analysis (PCA) of the sorted day 6 and day 12 WT, SKO1 and DKO1 cell populations, 31
samples, and entire gene set (19,796 genes). (E) Representative flow cytometry of day 10 live non-adherent blood cells generated by H1 and the isogenic mutant
cell lines. (F) Quantitation of data represented in (E). MYB-Venus fluorescence (expressed as the mean fluorescence intensity [MFI]) in DKO cells is disproportionally
stronger than the fluorescence in SKO cells. Data are mean ± standard deviation, n=4.
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Erythroid, Primitive). The ability of the primitive progeni-
tors to form large colonies of erythroid cells suggests that
the assay medium is optimal for analyzing primitive pro-
genitors generated in the cytokine-free differentiation.
First, we determined that the vast majority of

hematopoietic progenitors were MYB-Venus+ (Figure 5C).
Of note, the analysis of the sorted cell populations demon-
strated extremely high efficiency of hematopoietic pro-
genitor generation in our differentiation system: up to
17% of all day 6 CD34+MYB-Venus+ blood cells generated
CFU-C colonies in the assay medium. Then, we compared
the generation of the progenitors by WT and mutant
hESC lines on day 6 and day 10 of differentiation.
Progenitors of higher proliferative potential, BFU-EP and
CFU-MixP, were practically absent in differentiated cul-
tures of MYB-null hESC, and the myeloid progenitors
were also affected (Figure 5D). Furthermore, we observed
the effects of MYB haploinsufficiency on the generation of

these progenitors from SKO cells. Only day 6 erythroid
progenitors of low proliferation potential, CFU-EP, could
be detected at a comparable density in the MYB-null cul-
tures. However, CFU-EP in day 6 non-adherent DKO cell
fractions were completely lost (Figure 5D). Moreover,
instead of forming typical compact cell colonies, nearly all
of day 6 MYB-null CFU-EP generated aberrant loose
colonies, and the morphology of cells from those colonies
was abnormal (Figure 5E). Almost all CFU-myeloid
colonies generated by the DKO cells were composed
exclusively of macrophages and were notably smaller
compared to the WT and SKO counterparts (Figure 5F).
The survival of the CFU-M subset of CFU-myeloid pro-
genitors confirms the previously published data on MYB-
independence of hPSC-derived macrophages and
macrophage progenitors.10 Taken together, these observa-
tions demonstrate that primitive erythroid and primitive
mixed progenitors are non-functional in differentiated cul-
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Figure 3. Blood cell populations are differently affected by the MYB deficiency depending on the stage of differentiation. (A) H1-isogenic MYB knockout cell lines
develop normally on day 6 of differentiation. Total live differentiated cells were taken for the analysis, as in (B) and (C). Representative data of more than ten exper-
iments are shown. (B) On day 10 the DKO cell lines demonstrate subtle differences in the CD43/CD45 cell staining. Representative data of three experiments are
shown. (C) Day 20 phenotype of the MYB knockout cell lines. Representative data of six experiments are shown. Two cytospin panels on the left represent May-
Grünwald staining of sorted CD66b+CD86- neutrophils and CD66b-CD86+ cells of the monocyte-macrophage lineage. Scale bar, 10mm.
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tures of MYB-null hESC whereas non-macrophage
myeloid progenitors are noticeably affected by the MYB
inactivation. Such results are unexpected since previous
studies denied any role of Myb/myb/MYB in primitive
hematopoiesis.7-9, 22 It was reported earlier that BFU-E and
CFU-Mix progenitors failed to develop from Myb-null
mESC, although whether such progenitors belonged to
primitive or definitive hematopoiesis was unclear.23
In order to validate our discovery that MYB was

required for the development of primitive human
hematopoietic progenitors, we stimulated hESC-derived
primitive hematopoiesis Activin A and studied the effects
of such treatment on the hematopoietic differentiation of
WT, DKO, and SKO cells. Primitive, but not definitive,
human hematopoiesis is stimulated by Activin/Nodal sig-
naling.17,24 In our experiments, the Activin A treatment led
to a reliable increase of MYB-Venus expression in both
SKO and DKO blood cells (Figure 5G) and a significant
expansion of all types of day 6 clonogenic progenitors
derived from the WT hESC (Figure 5H). The latter obser-
vation further indicated that all these progenitors were
primitive. As expected, MYB-null cells failed to boost the
generation of BFU-EP and CFU-MixP progenitors upon the
Activin stimulation. The stimulation of CFU-EP was not,
however, precluded by the bi-allelic inactivation of MYB,
although these MYB-null progenitors formed substandard
colonies as described above. Activin-stimulated DKO
myeloid progenitors formed only macrophage colonies
confirming the resistance of the macrophage lineage to

MYB inactivation.10 These results confirm that MYB is
required for the development and/or proliferation of prim-
itive human hematopoietic progenitors. 

VEGF is a major mitogen of early human
hematopoiesis
Our results demonstrated that primitive blood cells

emerged normally in the circumstances, at which primi-
tive hematopoietic progenitors were severely compro-
mised. Apparent progenitor-independence of the early
blood cells poses a question of what factors drive the
expansion of the early hematopoiesis.
VEGF is the only growth factor that was added to the

culture medium after mesoderm induction and, therefore,
it is an obvious candidate for a stimulatory molecule pro-
moting the emergence and expansion of early blood cells.
Indeed, the removal of VEGF from culture medium start-
ing from day 3 of the differentiation timecourse led to a
strong inhibition, but not a complete suppression, of the
early hematopoiesis (Figure 6A), which indicates that this
growth factor is responsible for mitogenic support of early
human blood cells. In conjunction with the resistance of
the early blood cells to MYB inactivation, these observa-
tions strongly suggest that MYB and VEGF regulate early
human hematopoiesis independently. The VEGF removal
also abolished the generation of clonogenic progenitors
but did not prevent the robust generation of myeloid cells
at the later stages (Figure 6B to D). The progenitor-inde-
pendent myeloid cells do not originate from the MYB-
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Figure 4. Innate immunity genes, hematopoietic transcription factors, and cell cycle regulatory genes negatively regulated in MYB-null cells. (A) Heat map of top
20 enriched terms across the two differential gene expression (DEG) lists (upregulated and downregulated, log2FC >2, <−2) in MYB-null cells, colored by P-values. *
– R-HSA-210747: “regulation of gene expression in early pancreatic precursor cells”; ** – R-HSA-198933: “immunoregulatory interactions between a lymphoid and
a non-lymphoid cell”; *** – GO:0098542: “defense response to other organism”. (B) Bar plots of mRNA expression of cell cycle regulatory genes and hematopoietic
transcription factors in wild-type (WT) CD43+, and MYB-Venus+ SKO and DKO cells. Data are mean ± standard error of the mean (SEM), n=3 (biological repeats). P-
values were calculated using one-way ANOVA with Tukey's test for multiple comparisons, where ***P<0.001; **P<0.01; *P<0.05.
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Figure 5. MYB inactivation leads to a severe deficiency of primitive clonogenic progenitors. (A) Morphology of individual CFU-C colonies derived from day 6 and day
10 hematopoietic progenitors (upper panels; scale bar, 100 mm), and May-Grünwald staining of cells from corresponding colonies (lower panels; scale bar, 20 mm).
MΦ: macrophages; MK: megakaryocytes; E: erythroblasts; Gr: granulocytes. (B) Real-time polymerase chain reaction (RT-PCR) analysis of hemoglobin gene expres-
sion. Differentiated H1 embryonic stem cells (ESC) (1x104 cells) were grown in methylcellulose assay medium for 18 days, and all resulting CFU-C colonies (~100-
150) were pooled for mRNA isolation. The data are mean ± standard deviation (SD). (C) Primitive human clonogenic progenitors express MYB. The frequency of the
hematopoietic progenitors was measured in SKO1 CD34+Venus+ versus CD34+Venus– cells. Data are mean ± SD, n=3. (D) The frequency of clonogenic hematopoietic
progenitors in total or non-adherent cells of the three H1-isogenic MYB genotypes. Mean values ± SD are shown, n=3. *P<0.05; NS: non-significant; two-tailed
Student’s t-test. (E) Morphology of typical DKO erythroid colonies and cells. Upper panels, scale bar – 100 mm; lower panels, scale bar – 20 mm. (F) Morphology of
typical DKO myeloid colonies and cells. Scale bar – 20 mm. (G) Activin stimulates MYB-Venus expression in the MYB knockout cell lines on day 6 of differentiation.
Data are mean ± SD, n=4. *P<0.05; two-tailed Student’s t-test. (H) Activin stimulation of day 6 primitive clonogenic progenitors of the three H1-isogenic MYB geno-
types. Data are mean ± SD, n=3. *P<0.05; NS: non-significant; two-tailed Student’s t-test. 
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independent early blood cells since these early cells are
strongly suppressed by the VEGF removal (Figure 6A and
D). Progenitor-independent monocyte/macrophages,
granulocytes, and their immature precursors are likely to
arise through the conversion of mesodermal or endothelial
cells in a process similar to the aforementioned in vitro
EHT. MYB inactivation severely affected the progenitor-
independent myeloid cells with complete loss of granulo-
cytes on day 20 of the VEGF-deprived differentiation
(Figure 6E). Taken together, these results demonstrate that
VEGF serves as a major mitogenic factor for the nascent
human blood cells.

MYB is required for the development and proliferation
of primitive progenitors
The progenitor defects upon MYB inactivation might be

either due to the failure of progenitor proliferation in the
methylcellulose assay or the interruption of progenitor
development during the primary differentiation of hESC.
In order to address this issue, we performed a series of res-
cue experiments in MYB-null cells using a Tet-On expres-
sion system PB-iDox that included a PiggyBac transposon
vector25 bearing MYB cDNA under the TRE-CMV promot-
er. One type of the doxycycline (DOX)-inducible vectors
contained mCherry gene reporter attached to MYB cDNA

via an IRES element (Figure 7A and B). In CFU-C colonies
that were generated from DOX-activated DKO cells trans-
fected by the PB-MYB-mCherry construct, the red reporter
was downregulated at the colony fringes containing more
mature cells (Figure 7C). The transgene’s downregulation
was even more profound than the silencing of MYB-Venus
expression in the fringes (Online Supplementary Figure S7A).
This observation suggests that the transgene’s expression
is controlled by post-transcriptional regulatory mecha-
nisms, possibly via microRNA,26 and the overexpression
of MYB, a typical proto-oncogene, does not cause an
uncontrolled proliferation of hematopoietic cells and pro-
genitors. A time-course analysis of the PB-MYB transgene
expression in DOX-treated DKO cells demonstrated
stage-specific modulation of MYB mRNA levels further
suggesting the post-transcriptional regulation by
microRNA (Online Supplementary Figure S7B).
We have been able to rescue day 6 and day 12 clono-

genic progenitors only when the transgenic MYB was
induced by DOX both in the primary differentiation of
hESC and the secondary methylcellulose cultures (Figure
7D; Online Supplementary Figure S7C). The most efficient
was the recovery of BFU-EP on day 6 (Figure 7D) and
myeloid progenitors on day 12 (Online Supplementary
Figure S7C) whereas the rescue of CFU-mix progenitors
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Figure 6. Vascular endothelial growth factor is a key cytokine for the early human hematopoiesis. (A) Human embryonic stem cells (hESC)-derived hematopoiesis
on day 6 of differentiation is severely inhibited upon removal of vascular endothelial growth factor (VEGF) starting from day 3. Representative data of three experi-
ments are shown. (B) Effect of the VEGF removal on the emergence of hematopoietic clonogenic progenitors during differentiation of H1 hESC (day 6 – day 16). Data
are mean ± standard deviation (SD), n=4. (C) hESC-derived myeloid cells emerge normally on day 16 of differentiation in the absence of exogenous VEGF.
Representative data of four experiments are shown. (D) Dynamics of hematopoietic marker expression during H1 hESC differentiation in the presence (open bars)
or the absence of VEGF (colored bars). Data are presented as mean ± SD, n=3. (E) Day 20 phenotype of the MYB knockout cell lines differentiated in the absence
of VEGF. Data are representative of three independent differentiation experiments.  
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was at a very low but detectable level at both stages.
These results demonstrated that the gene is required not
only for progenitor proliferation but also for their develop-
ment from differentiated hESC. In addition, the progenitor
recovery further evidenced that defects in the develop-
ment of primitive hematopoietic progenitors were associ-
ated with the MYB inactivation rather than nonspecific
genomic abnormalities.

We also studied whether the reactivation of MYB in the
MYB-null cells could rescue maturating myeloid cells at
day 20 of the primary differentiation. As shown in Figure
7E, the continuous expression of PB-MYB from day 4 to
day 18 has led to a robust recovery of CD11b+ and
CD11c+ monocyte-macrophage cells with strong upregu-
lation of CD86 and HLA-DR. In contrast, only limited
recovery of CD66b+ granulocytes was observed on day
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Figure 7. MYB is required for both emergence and proliferation of the primitive clonogenic progenitors. (A) Scheme of the PiggyBac-MYB transposon construct. (B)
Western blotting of doxyclycline (DOX)-induced expression of transgenic MYB in day 12 DKO1-PB-MYB and DKO1-PB-MYB-Cherry cells. (C) A representative CFU-mix
colony generated by DOX-stimulated day 6 DKO1-PB-MYB-Cherry cells. Scale bar, 100 mm. (D) Efficient rescue of day 6 clonogenic progenitors is achieved when DOX
is added to both primary and secondary stages of hematopoietic differentiation of DKO1-PB-MYB cells. Data are mean ± standard deviation (SD), n=3. (E) MYB over-
expression in the DKO1-PB-MYB clones during day 4 to day 18 period leads to the accumulation of immature myeloid cells on day 20. Representative data of three
experiments are shown.
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20, suggesting that the granulocyte differentiation and
maturation were inhibited by MYB overexpression that
resulted in the accumulation of immature
CD11c+CD66blow myeloid cells. The negative effect of
Myb overexpression on granulocyte maturation has been
observed in the mouse progenitor differentiation model.27
Taken together with the limited recovery of CFU-mix pro-
genitors, these data suggest that an excess of MYB dysreg-
ulates the hESC-derived hematopoietic development.

Discussion

In this study, we created a model in which the emergence
of the early primitive blood cells was effectively uncoupled
from the development of the primitive hematopoietic pro-
genitors. The ability of differentiated hESC to generate
large numbers of blood cells in the absence of cytokines
provided an initial idea that early blood cells do not require
the proliferation of clonogenic hematopoietic progenitors
for their emergence. We have been unable to detect mRNA
of EPO, TPO, G-CSF, GM-CSF, and IL3 in differentiating
cultures of hESC up to day 12; thereby the hESC-derived
erythro-myeloid progenitors are unlikely to proliferate and
produce day 6 primitive blood cells.

The conclusive evidence of progenitor independence
of early human blood cells was obtained from our gene
ablation studies of MYB. Primitive erythroid and CFU-
MixP progenitors failed to develop in the absence of MYB
and thus could not be a source of the MYB-independent
cells of the erythro-megakaryocyte lineage. These data
suggest that the primitive clonogenic progenitors and the
first wave of primitive blood cells originate from HE inde-
pendently (Figure 8). Our findings contradict the conven-
tion that all primitive blood cells are derived from primi-
tive progenitors.1,3,4 Despite their MYB-independence the
early human blood cells specifically upregulated transcrip-
tion from MYB promoters. One possible explanation of

this observation is that the absence of the functional MYB
protein is compensated by other transcription factors.
Alternatively, the MYB expression is an insufficient pre-
requisite for turning HE and early blood cells into
hematopoietic progenitors. In this view, additional devel-
opmental cues select cells for specification into functional
progenitors.
We obtained ample evidence that MYB-dependent

hematopoietic progenitors belonged to the primitive wave
of hematopoiesis. These observations indicate the pres-
ence of MYB-dependent primitive erythro-myeloid pro-
genitors (EMP) in the early human hematopoietic develop-
ment. The issue of definitive versus primitive EMP in
humans is disputed;28 it is possible that both primitive and
definitive cohorts of EMP participate in the establishment
of human hematopoiesis. One report noticed abnormali-
ties both in primitive and definitive hematopoiesis in a 
c-myb mutant of the medaka fish.29 However, the c-myb
mutation creates a dominant-negative allele that could
inhibit the function of the related a-myb and b-myb genes.30
Other mouse and zebrafish studies unequivocally denied
Myb/myb a role in the primitive hematopoiesis.8,22 Our
data challenged the notion of MYB as a factor that does
not have a function in the primitive hematopoiesis. The
differences in the developmental role of MYB between
small model animals and humans are likely to be associat-
ed with the requirement to facilitate the longer prolifera-
tion of primitive blood cells in order to sustain the grow-
ing needs of human conceptuses.
An important issue to consider is whether our findings

are relevant to the onset of hematopoietic development in
the human conceptus. Poor quality and scarcity of 3rd-
week human conceptuses prevent reliable analysis of the
early human hematopoietic cells.31 Detailed mouse stud-
ies, however, suggest that around 300 EryP-CFC on E8.5[1]
are unlikely to give rise to about 105 erythroblasts in the
E9.5 conceptus,32 and there should be a progenitor-inde-
pendent source of the primitive blood cells. Such large
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Figure 8. The role of MYB in the human embryonic stem cell-derived hematopoiesis. The MYB gene targeting and the cytokine-free differentiation system revealed
progenitor-independent primitive hematopoiesis. Red arrows show MYB-dependent developmental events, black arrows – MYB-independent stages.



numbers of the primitive cells may be provided by the
massive EHT in the yolk sac vasculature.
The detection of the progenitor-independent primitive

blood cells was possible only in cytokine-free culture con-
ditions because otherwise, it would be difficult to distin-
guish progenitor-derived from HE-derived blood cells.
Our findings further emphasize the value of the in vitro dif-
ferentiation of hESC as a practical tool for studying early
hematopoiesis in humans.
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Life-long production of blood from hematopoietic stem cells (HSC)
is a process of strict modulation. Intrinsic and extrinsic signals gov-
ern fate options like self-renewal – a cardinal feature of HSC. Bone

morphogenetic proteins (BMP) have an established role in embryonic
hematopoiesis, but less is known about its functions in adulthood.
Previously, SMAD-mediated BMP signaling has been proven dispensable
for HSC. However, the BMP type-II receptor (BMPR-II) is highly
expressed in HSC, leaving the possibility that BMP function via alterna-
tive pathways. Here, we establish that BMP signaling is required for self-
renewal of adult HSC. Through conditional knockout we show that
BMPR-II deficient HSC have impaired self-renewal and regenerative
capacity. BMPR-II deficient cells have reduced p38 activation, implying
that non-SMAD pathways operate downstream of BMP in HSC. Indeed,
a majority of primitive hematopoietic cells do not engage in SMAD-
mediated responses downstream of BMP in vivo. Furthermore, deficiency
of BMPR-II results in increased expression of TJP1, a known regulator of
self-renewal in other stem cells, and knockdown of TJP1 in primitive
hematopoietic cells partly rescues the BMPR-II null phenotype. This sug-
gests TJP1 may be a universal stem cell regulator. In conclusion, BMP sig-
naling, in part mediated through TJP1, is required endogenously by adult
HSC to maintain self-renewal capacity and proper resilience of the
hematopoietic system during regeneration.

BMP signaling is required for postnatal
murine hematopoietic stem cell self-renewal
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ABSTRACT

Introduction

Hematopoietic stem cells (HSC) have dual capacity to self-renew and give rise to
differentiating progeny.1,2 Self-renewal pertains to the ability of HSC to duplicate
without losing developmental potential. Maintenance of the stem cell pool is
dependent on self-renewal and loss thereof leads to erosion of regenerative capacity
and hematopoietic failure. In order to ensure homeostasis, HSC are tightly regulated
by internal factors and external signaling cues from the bone marrow (BM) niche.3

Although many regulatory mechanisms have been identified, deeper understanding
of the self-renewal machinery is required to fully utilize the therapeutic potential of
HSC.
Bone morphogenetic proteins (BMP) belong to the TGF-b superfamily of secreted

cytokines, which during embryogenesis regulate a wide variety of biological
processes.4-7 Mechanistically, BMP signal through cell surface receptors, which acti-
vate receptor-regulated SMAD transcription factors (R-SMAD) through phosphory-
lation.8 Phosphorylated R-SMAD form complexes with SMAD4 resulting in nuclear
accumulation of activated complexes, which together with cofactors regulate target
gene transcription.8 Two classes of receptors have been identified; type-I and type-
II. BMP bind to and signal via the BMP type-II receptor (BMPR-II), in association
with any type-I receptor (ALK2, ALK3, or ALK6).8

The importance of BMP signaling during development is well established and
reflected in early embryonic lethality of mice with targeted deletions of components
of the pathway.9-12 Similarly, deletion of SMAD1 and SMAD5 results in embryonic
lethality.13-16 Beyond development, the TGF-b superfamily regulates tissue home-



ostasis and adult regeneration of a variety of organ sys-
tems. Several lines of evidence suggest that BMP play a role
in adult HSC regulation, but conclusive evidence for direct
BMP-requirement by HSC is still lacking. For instance,
ALK3-mediated signaling is required by the HSC
osteoblastic niche, with loss of ALK3 leading to increased
HSC numbers.17 By contrast, decreased levels of BMP4 in
the BM results in reduced HSC numbers, as shown in a
hypomorphic BMP4 mutant mouse model.18 Additionally,
BMP4 maintains cord blood-derived human hematopoietic
stem and progenitor cells (HSPC) during ex vivo culture, by
acting as a survival factor.19 Recently, Khurana et al. showed
that BMP4 exposure in vitro maintains the expression of
ITGA4 in murine HSC, thereby preventing culture-induced
loss of homing capacity.20 However, SMAD1 and SMAD5
are dispensable for adult HSC, leading to the conclusion
that BMP signaling is not endogenously required by adult
HSC.21,22 Interestingly, BMPR-II is reportedly highly
expressed in adult HSC, suggesting that BMP may signal
via alternative circuitries in HSC.23 Indeed, several path-
ways can be activated by BMP, including components of
the MAPK pathway, such as p38 and JNK.24,25 A role for p38
has been suggested in maintenance of ITGA4 expression in
HSC in vitro, but a conclusive role for BMP in the regulation
of HSC in vivo has never been shown.20 Therefore, in order
to investigate the complete role of BMP signaling in HSC in
vivo, we conditionally deleted BMPR-II in hematopoietic
cells using the Cre/loxP system. We report here that
BMPR-II is essential for self-renewal of HSC with mutants
displaying significantly reduced regenerative capacity upon
BM transplantation. Steady state hematopoiesis is normal
in mice deficient of BMPR-II and the differentiation capac-
ity upon transplantation is likewise unaltered, indicating a
specific role for BMPR-II in HSC self-renewal. In addition,
we map the transcriptional activity of SMAD-mediated
signaling in hematopoietic cells by using a BRE-GFP
reporter mouse,26 which suggests a failure to engage
SMAD-dependent transcriptional response upon BMP
exposure. Furthermore, our findings indicate that loss of
BMPR-II results in up-regulation of tight junction protein 1
(TJP1) and that knockdown of TJP1 partly rescues the
BMPR-II knockout phenotype. TJP1 is a protein previously
implicated in self-renewal regulation of several types of
stem cells, including both embryonic and adult stem cells.
Together, our findings show that BMP signaling, via
BMPR-II, is endogenously required by adult HSC to main-
tain self-renewal capacity in vivo. 

Methods

Mice
Mice on C57Bl/6 background with loxP flanking one allele of

exon 4-5 of the BMPR-II gene (MMRRC, University of North
Carolina, Chapel Hill, NC, USA)27 were bred to homozygosity
and mated with Vav-Cre28 transgenic mice to generate conditional
Vav-Cre;BMPR-IIfl/fl mice. Detection of Cre, floxed (fl), wild-type
(WT), and excised alleles was done by polymerase chain reaction
(PCR) as previously described.22,27 Mice were housed and bred in
ventilated cages in the BMC animal facility. All experiments
involving animals were approved by the regional Animal Ethical
Committee in Lund. 

Transplantation assays
For competitive transplantation assays, 0.2x106 unfractionated

BM cells from BMPR-IIfl/fl;Vav-Cre, BMPR-IIfl/+;Vav-Cre, and WT lit-
termates (BMPR-IIfl/fl or BMPR-IIfl/+) (CD45.2) were transplanted
with 0.2x106 congenic CD45.1 BM cells by tail vein injection to
lethally irradiated (900 cGy) congenic CD45.1/2 recipients (three
recipients per donor). Donor, competitor, and recipient cells were
monitored by peripheral blood (PB) samplings at several time
points at 4-16 weeks. Sixteen weeks post-transplantation mice
were killed, BM was analyzed and 2x106 cells were transplanted
to secondary recipients, monitored as above. After another 16
weeks secondary mice were killed and tertiary transplantations
were performed using 20x106 BM cells. Tertiary recipients were
monitored as above for 16 weeks, after which final analyses of
BM and PB were performed. For transplantations using purified
HSC, ten LSK/CD48-/CD150+ cells from BMPR-IIfl/fl;Vav-Cre or
WT littermates were transplanted together with 0.2x106 whole
BM support cells (CD45.1/2) to CD45.1 recipients. Reconstitution
was monitored as above and BM was analyzed at 16 weeks.
Homing assays were performed by transplantation of 15x106

unfractionated BM cells to congenic CD45.1 recipients; BM analy-
sis was done 20 hours post-transplantation. For competitive hom-
ing 10x106 BM cells from donors were transplanted with an equal
number of WT competitor cells. 

Knockdown of TJP1
FFor knockdown of TJP1, lentiviral plasmid pGFP-C-shLenti

containing short hairpin RNA (shRNA) targeting TJP1 or scram-
bled shRNA (OriGene) was used to produce lentiviral particles
at the Stem Cell Center Vector Core Facility (Lund University).
C-kit-enriched BM cells (CD45.2; BMPR-IIfl/fl;Vav-Cre or WT)
were placed into virus-loaded plates at a multiplicity of infection
(MOI) of 30-50 and incubated over night (37°C, 5% CO2).
Transduced cells were collected and transplanted into lethally
irradiated CD45.1 recipient mice (two recipients/donor). An
aliquot of cells was cultured for flow cytometry analysis of
transduction efficiency after 48 hours. BM of transplanted ani-
mals was analyzed at 16 weeks. Additional information can be
found in the Online Supplementary Appendix. 

Results

BMPR-II is highly expressed in long-term 
hematopoietic stem cells
In order to map the extent of BMPR-II expression in dis-

tinct populations of primitive adult hematopoietic cells,
we performed quantitative PCR (qPCR) analyses on sorted
long-term HSC (LT-HSC) (LSK-CD34-FLT3-), short-term
HSC (ST-HSC) (LSK-CD34+FLT3-), lymphoid-primed mul-
tipotent progenitors (LMPP) (LSK-CD34+FLT3+), as well as
various progenitor populations.29 Robust expression of
BMPR-II was detected in all subsets, although LT-HSC
exhibited the highest expression on average between test-
ed populations (Figure 1A). Similarly, we examined
expression of type-I receptors ALK2, ALK3, and ALK6 in
HSC populations (Figure 1B). In LT- and ST-HSC, both
ALK2 and ALK3 were expressed, but expression of both
receptors was more abundant in LT-HSC. In LMPP, ALK2
was the dominating receptor. ALK6 was undetectable in
all hematopoietic subsets tested. 

Normal steady state hematopoiesis despite reduced
progenitor activity upon deletion of BMPR-II
Given the robust expression of BMPR-II in LT-HSC, we

hypothesized that its deletion would blunt most signaling
events initiated by BMP in HSC, allowing us to probe the
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full role of BMP in adult hematopoiesis. We conditionally
deleted BMPR-II in hematopoietic cells, employing the
Cre/loxP system with the Vav-Cre driver strain.2728
Efficient deletion of exon 4-5 of the BMPR-II gene in
hematopoietic cells was confirmed by PCR analysis of
individual colonies from BM, reaching 98.85% efficiency
(n=160 alleles; Online Supplementary Figure S1A).
Recombination at the BMPR-II locus resulted in efficient
reduction of BMPR-II mRNA in purified LT-HSCs (Online
Supplementary Figure S1B and C). Vav-Cre mediated dele-
tion in mice homozygous for floxed BMPR-II alleles
(BMPR-IIfl/fl;Vav-Cre, hereafter referred to as BMPR-II-/-)
did not result in embryonic lethality although the Vav
promoter is active from embryonic day (E) 10.5,30 indicat-
ing that BMPR-II signaling is not endogenously required
in HSC for normal development after E10.5. All PB
parameters were normal in adult BMPR-II-/- and BMPR-
II+/- mice at steady state compared to WT littermates
(Figure 2A and B). Similarly, B/T/myeloid lineage distribu-
tion and number of cells in the BM of mutant mice were
unaltered compared to WT littermates (Figure 2C and
data not shown). Megakaryocytic lineage distribution and
progenitor populations were also unaltered (Online
Supplementary Figure S2A and B). In order to further ana-
lyze HSPC lacking BMPR-II, we performed flow cytome-
try analyses on BM from BMPR-II-/-, BMPR-II+/-, and WT
littermate mice. Interestingly, BMPR-II-/- mice had signifi-
cantly fewer LSK cells in the BM as compared to WT mice
(Figure 2D to E). Further analyses by SLAM markers did
not reveal significant differences in more primitive sub-

sets of LSK cells, such as LT-HSC (Figure 2D to E).
Similarly, when assessing HSC phenotypic aging by
CD41 expression31 we saw no significant differences
between WT and BMPR-II-/- LT-HSC (Online
Supplementary Figure S2C). However, in agreement with
the reduced number of LSK cells, the colony forming
capacity of BM cells from BMPR-II-/- mice was significant-
ly reduced compared to that of WT littermates (Figure 2F;
Online Supplementary Figure 2D), suggesting that primitive
hematopoiesis might be altered in BMPR-II-/- mice.

BMPR-II deficient hematopoietic stem cells exhibit
reduced regenerative potential upon transplantation
In order to test the regenerative capacity of BMPR-II

deficient HSC, we transplanted unfractionated BM cells
from BMPR-II-/-, BMPR-II+/-, and WT mice at a 1:1 ratio
with congenic WT competitor cells to lethally irradiated
recipients (Figure 3A). BMPR-II-/- BM cells exhibited sig-
nificantly reduced reconstitution capacity in PB short
term at 4 weeks (data not shown) and a similar, though
non-significant, reduction in PB long term at 16 weeks
post-transplantation (Figure 3A to C). Deficiency of
BMPR-II did not affect lineage distribution, though a
slight decrease in donor contribution to myeloid cells
could be observed (Figure 3D). In order to further investi-
gate the ability of BMPR-II-/- cells to contribute to primi-
tive hematopoietic cells, we quantified the number of
donor-derived LSK-SLAM cells in BM. Interestingly,
BMPR-II-/- cells exhibited a significantly reduced contribu-
tion to the entire LSK compartment including all LSK-

BMPR2 regulates the self-renewal of adult HSCs
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Figure 1. Expression of bone morphogenetic protein
receptors in primitive hematopoietic subsets. (A)
Expression of bone morphogenetic protein (BMP) receptor
BMPR-II relative to HPRT in indicated subsets of bone mar-
row (BM) hematopoietic cell populations (n=3-4). LT-HSC:
long term-hematopoietic stem cells; ST-HSC: short term-
HSC; LMPP: lymphoid-primed multipotent progenitor;
GMP: granulocyte-macrophage progenitor; MkP:
megakaryocyte progenitor; PreGM: pre-granulocyte-
macrophage progenitor; PreMegE: pre-megakaryocyte-ery-
throid progenitor; PreCFU-E: pre-colony-forming unit-ery-
throid progenitor; CFU-E: colony-forming unit-erythroid pro-
genitor. (B) Expression of type-I receptors, ALK2, ALK3,
and ALK6 in indicated hematopoietic cell populations
(n=3). **P<0.01 in comparison to all other populations
except for LMPP (A); *P<0.05; ns:not significant; ALK6
data was not statistically tested (B). MEF: mouse embryon-
ic fibroblasts.
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Figure 2. Normal steady state hematopoiesis in BMPR-II deficient mice. (A) Peripheral blood (PB) cell counts of adult mice (n=3-9). Y-axis indicates number of
cells per L (liter) PB. RBC: red blood cell; WBC: white blood cell. (B) Lineage distribution in PB of adult mice at steady state by flow cytometry analysis. CD3: T cells;
B220: B cells; Gr1/Mac1: myeloid cells (n=3-10). (C) Lineage distribution in BM of adult mice at steady state by flow cytometry analysis (n=3-10). (D) Representative
fluorescence activated cell sorting (FACS) plot of an LSK-SLAM stain of BM cells from adult mice. (E) Quantification of LSK-SLAM populations in BM of adult mice
at steady state. Number of LSK cells: 54,341±4,939 for wild-type (WT) (n=8) vs. 41,052±3,398 for BMPR-II-/- (n=10). (F) BM colony forming assay in vitro. Total
number of colonies: 111.5±5.07 for WT (n=8) vs. 86.2±3.37 for BMPR-II-/- (n=10). *P<0.05; *** P<0.001.
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SLAM populations, including the LT-HSC (LSK-
CD150+CD48-) (Figure 3E and F). 

Deletion of BMPR-II results in compromised 
self-renewal capacity and altered long-term
hematopoietic stem cell-quality

In order to assay the self-renewal ability of BMPR-II
deficient HSC, secondary and tertiary BM transplanta-
tions were performed. We transplanted a fixed number of
cells from primary recipients to lethally irradiated second-
ary recipients. Similarly, BM from secondary recipients
was transplanted to lethally irradiated tertiary recipients.
The overall donor contribution of BMPR-II-/- HSC
dropped dramatically upon secondary transplantation, as
compared to WT cells, which exhibited stable reconstitu-
tion across consecutive transplantations (Figure 3G).
Upon tertiary transplantation, BMPR-II-/- cells dropped
further, indicating a severely compromised ability to self-
renew under stressed conditions (Figure 3G). BMPR-II+/-

BM cells displayed sustained donor contribution in sec-
ondary recipients, but appeared to drop upon tertiary
transplantation, although not significantly so (Figure 3G).
Furthermore, quantification of LT-HSC revealed decreas-
ing numbers of BMPR-II-/- derived cells across consecutive
transplantations and in tertiary recipients the contribu-
tion to LT-HSC was essentially nonexistent (Figure 3H).
These data show that BMPR-II-mediated signaling is
essential for self-renewal of LT-HSC in vivo. 
In agreement with the in vivo transplantation data stat-

ed above is the in vitro serial replating assay which shows
a significant decrease in BMPR-II-/- colony number after
three platings (Online Supplementary Figure S2E). 
In order to verify that the observed defect in regenera-

tive capacity was caused by a qualitative defect of HSC,
we transplanted ten sorted BMPR-II-/- or WT LT-HSC in
conjunction with congenic WT support BM cells (Figure
3I). In agreement with previous transplantations, overall
donor contribution of BMPR-II-/- LT-HSC was significant-
ly reduced at 16 weeks post-transplantation in PB (Figure
3J) and the lineage distribution was unaffected (Figure
3K). Furthermore, the LSK compartment in BM was sig-
nificantly reduced, as was the CD150-CD48- and CD150-

CD48+ subset of LSK cells (Figure 3L). The LT-HSC
showed a similar reduction, though it did not reach sig-
nificance (P=0.09) (Figure 3L). 

Loss of BMPR-II causes transcriptional cell cycle 
perturbation but has little or no effect on cell cycle
and apoptosis in long-term hematopoietic stem cells
In order to investigate the biological properties of

BMPR-II-/- primitive hematopoietic cells, we analyzed
apoptosis and cell cycle parameters of BM cells from
BMPR-II-/- and WT mice by flow cytometry. The fraction
of apoptotic (AnnexinV+) cells within LSK/LSK-SLAM
populations did not differ between BMPR-II-/- and WT
BM (Figure 4A and B). Cell cycle distribution, analyzed
using Ki67 and DAPI, was mostly unaltered in all
hematopoietic populations tested between BMPR-II-/- and
controls (Figure 4C). We observed a slight decrease in qui-
escent G0-phase LT-HSC and a slight increase in LT-HSC
in G1-phase, though these differences did not reach sig-
nificance (Figure 4D). Similar results were seen in other
primitive hematopoietic populations, with a significant
decrease of cells in G0 in the CD150-CD48- and CD150-

CD48+ subsets of LSK cells (Online Supplementary Figure
S3A to C). In contrast to the lack of significant cell cycle
perturbation in LT-HSC was the observed enrichment in
gene sets pertaining to cell cycling (Online Supplementary
Figure S4A). When the hematopoietic system was put
under stress following in vivo treatment with 5-fluo-
rouracil, the blood, BM, and spleen were mostly unaffect-
ed. Even though white blood cells and splenic LT-HSC
were reduced, this was not significant (Online
Supplementary Figure S5A to D). Furthermore, the prolifer-
ative capacity of BMPR-II-/- c-kit+ BM cells in vitro was nor-
mal when assayed under serum-free conditions in the
presence of SCF, IL-3, and IL-6 (Figure 4E). 

Homing is unaffected by deletion of BMPR-II
As BMP signaling has been linked to HSC homing via

maintenance of ITGA4 expression during ex vivo culture,
we investigated if loss of BMPR-II resulted in a homing
defect.20 We transplanted unfractionated BMPR-II-/- and
WT BM cells, with or without competitor cells, to lethally
irradiated recipients. Following 20 hours, BM was ana-
lyzed by flow cytometry. The donor contribution to Lin-
Sca1+CD150+ cells as well as to the overall Lin- population
was not significantly altered between BMPR-II-/- and WT
cells (Figure 4F; Online Supplementary Figure S6A). Donor
contribution following competitive transplantation was
also not significantly altered (Online Supplementary Figure
S6B to C). Likewise, the expression of ITGA4 (CD49d)
was unaltered between BMPR-II-/- and control LT-HSC,
indicating that BMP signaling does not regulate ITGA4
expression in vivo (Online Supplementary Figure S6D). 

Reduced phosphorylation of SMAD1 upon BMPR-II
deletion
In order to investigate the SMAD signaling status of

BMPR-II-/- hematopoietic cells, we performed western
blots of purified c-kit+ cells incubated with/without BMP4
in vitro. As expected, BMPR-II-/- cells exhibited significant-
ly reduced phosphorylated SMAD1/5, both in the pres-
ence and absence of BMP4 stimulation (Figure 5A). WT
cells exhibited robust levels of phosphorylated
SMAD1/5, but the level was not further increased upon
BMP4 exposure, suggesting already saturated levels.
These data confirm that deletion of BMPR-II translates
into a functional reduction of SMAD signaling.

Limited SMAD-dependent transcriptional activity 
in hematopoietic populations
Although SMAD1/5-mediated BMP signaling is dispen-

sable for HSC function, transcriptional activity of SMAD
downstream of BMP has not been characterized in detail in
hematopoietic cells. Using a BRE-GFP reporter mouse, a
well-established model for gauging in vivo transcriptional
activity of SMAD1/5/8,26,32-34 cells responding transcription-
ally to BMP through SMAD were measured by green fluo-
rescent protein (GFP), allowing in vivo analysis. BRE-GFP
BM cells displayed limited activation of the SMAD path-
way, with the highest proportion of GFP+ cells reaching
only 2.79 % on average (LSK CD150-CD48- population)
(Figure 5B). In order to investigate whether hematopoietic
cells could respond to BMP signaling via the SMAD path-
way, BRE-GFP cells were stimulated in vitro for 16 hours
with/without BMP4. No significant difference in GFP+ cells
was found in any BM population (Figure 5C). 
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Loss of BMPR-II results in a reduction of p38 
As p38 has been implicated downstream of BMP in

hematopoietic cells, we evaluated the level of phosphory-
lated p38 in c-kit+ progenitor cells by western blot.
Phospho-p38 was reduced in un-stimulated BMPR-II-/-

cells, though it did not reach significance, and its level did
not change following stimulation with BMP4 (Figure 5D).
We could not detect a robust increase of phospho-p38 in
BMP4-stimulated WT cells. Instead, phospho-p38 was
reduced following BMP4 stimulation in WT c-kit+ cells
(Figure 5D). Additionally, the reduction of phospho-p38
in BMPR-II-/- cells may be a reflection of significantly
reduced total p38 (Figure 5E). We found no significant dif-
ferences in protein levels of other known signaling medi-
ators such as phospho-Limk, phospho-Cofilin, or RhoA/B
(Online Supplementary Figure S7A and B). In order to fur-
ther investigate whether the reduction in LSK cell num-
bers in BMPR-II null mice is related to known down-
stream BMP signaling mediators such as the MAPK path-
way, gene expression was evaluated in sorted LSK cells.
No significant differences were found among the investi-
gated genes (Online Supplementary Figure S7C). Finally, we
assessed expression levels of BMP type-I and other type-
II receptors in sorted WT and BMPR-II-/- primitive
hematopoietic cells (LSK CD48-) to determine whether
BMPR-II deletion leads to up- or down-regulation of
other BMP receptors. We found no significant differences,
despite a trend of increased Alk3 in the absence of BMPR-
II (Online Supplementary Figure S7D to E). 

Deficiency of BMPR-II results in up-regulation 
of TJP1 in long-term hematopoietic stem cells
In order to further explore underlying mechanisms

behind the BMPR-II-/- phenotype, we performed microar-
ray analysis on highly purified LT-HSC (LSK-
CD150+CD48-CD9hi)35 from adult mice. The analysis gen-
erated a number of differentially expressed genes (Online
Supplementary Figures S8 and S4B) and enriched gene sets

(Online Supplementary Figure S4A). Selected genes, based
on relevant known connections to stem cell function,
hematopoiesis or BMP, were further validated. qPCR
analyses confirmed a significant 2.4-fold up-regulation of
TJP1 in BMPR-II-/- LT-HSC (Figure 5F). 
In order to further investigate whether the reduction in

LSK cell numbers in BMPR-II null mice is related to fac-
tors known to associate with TJP1 such as SRC and
STAT3, gene expression was evaluated in sorted LSK
cells. No significant differences were found among the
investigated genes (Online Supplementary Figure S7C). We
also found no significant differences in expression of Alpk
or microRNA 15a/23b/27a, which were other hits in the
array (Online Supplementary Figure S7F and G). 

TJP1 knockdown partly rescues the BMPR-II knockout
phenotype
In order to evaluate the contribution of TJP1 up-regula-

tion to the observed BMPR-II-/- phenotype, TJP1 knock-
down was performed using shRNA lentiviral vectors in
ckit-enriched BM cells from BMPR-II-/- and WT mice.
Transduced cells were transplanted to WT recipients.
Using shRNA-C knockdown of TJP1 was achieved to at
least 0.51-fold level (compared to un-transduced cells)
(Online Supplementary Figure 9A). Average transduction effi-
ciency at transplantation was 36 % and 33 % for scram-
bled-shRNA transduced WT and BMPR-II-/- groups respec-
tively; 21 % and 26 % for TJP1-shRNA transduced WT and
BMPR-II-/- groups (Online Supplementary Figure S9B). 
In transplanted mouse BM the donor LSK compartment

showed a partial rescue, as TJP1-shRNA transduced
BMPR-II-/- cells no longer showed reduced engraftment in
comparison to Scrambled-shRNA transduced WT cells
(Figure 6A). A trend of increased engraftment was seen
among HSC, although this did not reach significance
(Figure 6B). In hierarchically lower populations no similar
effect on engraftment was seen (Figure 6C and D), nor in
PB (data not shown). 

Figure 3. Reduced self-renewal capacity of hematopoietic stem cells upon loss of BMPR-II. (A) Competitive transplantation. (B) Representative fluorescence acti-
vated cell sorting (FACS) plots of peripheral blood (PB) showing CD45.1 competitor vs. CD45.2 donor contribution, and lineage distribution within the CD45.2 subset
of cells. T: T cells; B: B cells; M: myeloid cells. (C) CD45.2 donor contribution in PB of primary recipients at 16 weeks post transplant. Mean engraftment 50.6%±6.2
for wild-type (WT) vs. 36.5%±7.6 for BMPR-II-/-. Heterozygotes (BMPR-II+/-) did not differ from WT in PB engraftment (50.4%±7.1). Due to statistically detectable vari-
ability between experiments, paired t-test was used to compare WT and BMPR-II-/- (n=4-7). (D) Lineage distribution within CD45.2 donor subset of PB in primary
recipients at 16 weeks post transplant (n=4-7). (E) Representative FACS plots of LSK-SLAM CD45.1/2 stain of BM of primary recipients at 16 weeks post transplant.
(F) Quantification of CD45.2+ LSK-SLAM populations in BM of primary recipients at 16 weeks post transplantation (n=4-7). (G) CD45.2 donor contribution in BM at
16 weeks post transplant in primary, secondary, and tertiary recipients (n=4-7). (H) Quantification of CD45.2+ Long-term hematopoietic stem cells (LT-HSC) in BM at
16 weeks post transplantation in primary, secondary, and tertiary recipients (n=4-7). (I) Transplantation of sorted LT-HSC to lethally irradiated recipients. (J) CD45.2
donor contribution in PB of recipients at 16 weeks post sorted LT-HSC transplant (n=6). (K) Lineage distribution within CD45.2 donor subset of PB in recipients at
16 weeks post sorted LT-HSC transplant (n=6). (L) Quantification of CD45.2+ LSK-SLAM populations in BM of recipients at 16 weeks post sorted LT-HSC transplan-
tation (n=6). *P<0.05; **P<0.01; †P=0.078.
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Discussion

A large body of work from a variety of model systems
has established a critical role for BMP signaling during
early development.5-7 Studies performed in vitro indicate
that BMP signaling continues to function in the regulation
of HSC beyond development.19,20,36 However, SMAD1 and
SMAD5 are dispensable for adult HSC function in mice,
leading to the conclusion that BMP play a limited role, if

any, in adult HSC regulation in vivo.21,22 The SMAD circuit-
ry is undoubtedly the best characterized pathway down-
stream of BMP, but the lack of HSC phenotype in mice
deficient of SMAD1 and SMAD5 does not automatically
rule out a role for BMP signaling in adult HSC, as non-
SMAD pathways can also be activated by BMP.24,25 The
fact that BMPR-II is highly expressed in LT-HSC has left
a gap in knowledge between the BMP circuitry and its
function in adult HSC in vivo.23
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Figure 4. BMPR-II deficient mice exhibit normal apoptosis and cell cycle parameters of primitive hematopoietic cells. (A) Representative fluorescence activated cell
sorting (FACS) plots of LSK-SLAM/Annexin V stain of bone marrow (BM). (B) Percentage of Annexin V+ cells within indicated LSK-SLAM subsets of BM of adult mice at
steady state (n=5). (C) Representative FACS plots of LSK-SLAM/Ki67/DAPI stain of BM. (D) Cell cycle distribution in percent within long-term hematopoietic stem cells
(LT-HSC) (n=9-10). (E) In vitro growth of c-kit+ cells (n=3). (F) Homing assay. Percentage of Lin-/Sca1+/CD150+/CD45.2+ cells in BM of transplanted recipients (n=5).
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Figure 5. BMPR-II deficient cells have reduced p38 levels and up-regulation of TJP1. (A) Western blot analysis of SMAD1/5 phosphorylation in WT and BMPR-II deficient
c-kit+ cells, with and without BMP4 stimulation in vitro (n=3). ψP<0.05 compared to wild-type (WT) stimulated with BMP4 and P<0.01 compared to WT (without BMP4).
(B) Western blot analysis of phospho-p38 in WT and BMPR-II-/- cells cultured over night with or without BMP4 (n=3).(C) Green fluorescent protein-positive (GFP+) cells
in BM from BRE-GFP reporter mice by flow cytometry analysis (n=3). (D) Western blot analysis of total p38 in WT and BMPR-II-/- cells cultured over night with or without
BMP4 (n=3). ψP<0.05 compared to WT stimulated with BMP4 and P<0.01 compared to WT (without BMP4). (E) GFP+ cells following over night in vitro culture with or
without BMP4 (n=3). (F) Two separate quantitative polymerase chain reaction analyses of TJP1 expression in WT and BMPR-II deficient LT-HSC (n=3-4). Due to statis-
tically detectable variability between experiments and consistent ratio based changes in expression levels, ratio paired t-test was used to compare groups. TJP1 protein
levels could not be investigated as all tested commercially available antibodies yielded no results (data not shown). **P<0.01; ***P<0.001.
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Here we aimed to elucidate the endogenous role of
BMP signaling in adult murine HSC, by conditional dele-
tion of BMPR-II specifically in hematopoietic cells. Unlike
deletion of SMAD1 and SMAD5, we report here that
BMPR-II is essential for self-renewal of adult HSC. It is
likely that this non-SMAD signal in HSC is mediated by
BMPR-II associated with the BMP type-I receptor ALK2
or possibly ALK3, based on our transcriptional profiling
of receptor expression in WT LT-HSC and that we find no
significant change in expression levels of other BMP
receptors in primitive hematopoietic cells from BMPR-II-/-

mice. Additionally, there is limited knowledge about
BMPR-II being able to activate downstream signaling
pathways independently of type-I receptors. Despite the
absence of significant differences in our measurements of
above mentioned transcript levels, a trend of increased
Alk3 seemed to be observed following BMPR-II deletion.
This will require further studies to fully decipher the rela-
tion between BMP receptors and their cross-regulation,
and to understand their relative function in the context of
HSC regulation. Though it is possible that cross-talk and
feedback regulation occurs within the BMP signaling
pathway, BMPR-II deletion does not seem to have a reg-
ulatory effect at transcript level on other BMP family
receptors in HSC. 
In this study we show that BMPR-II deficient HSC fail

to efficiently generate additional HSC upon transplanta-
tion, thus causing a significant reduction in hematopoietic
regeneration following serial BM transplantation. Loss of
BMPR-II did not affect homing capacity of HSC to the
BM, suggesting that the reduced regenerative capacity
observed upon transplantation derives from compro-
mised self-renewal ability of LT-HSC. During steady state
hematopoiesis, BMPR-II-/- mice display essentially normal
hematopoietic parameters, lending further evidence to a
specific role for BMPR-II in self-renewal of LT-HSC.
Furthermore, as cell cycle distribution among LT-HSC is
more or less unaffected by loss of BMPR-II and the
hematopoietic system recovers almost normally follow-
ing stress, our data suggest that a possible effect on cell
cycle progression plays only a small part in HSC regula-
tion by BMP. Instead, LT-HSC deficient of BMPR-II fail to
maintain stemness during conditions when self-renewal
divisions are required. This is in agreement with previous
data, which shows that BMP stimulation does not affect
proliferation of HSC in vitro.23
By investigating the transcriptional activity of the

SMAD pathway, our data reveals that a majority of
hematopoietic cells fail to respond transcriptionally to
BMP and thus do not employ SMAD-dependent tran-
scriptional response, despite phosphorylation of SMAD.
We hypothesize that other regulatory mechanisms limit
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Figure 6. TJP1 knockdown in BMPR-II deficient cells increases primitive cell engraftment. Engraftment of green fluorescent protein-positive (GFP+) cells percent in
bone marrow following transplantation of transduced cells in (A) CD45.2+ (donor) GFP+ LSK population, (B) CD45.2+ GFP+ HSC (LSKCD48-CD150+) population, (C)
CD45.2+ GFP+ Lin- population, and (D) CD45.2+ GFP+ population, analyzed at 16 weeks post transplant (n=8-9). In data set (A) and (B) outliers (one and two respec-
tively) were detected using Grubb’s test (α=0.01) and removed; this did not alter outcomes of statistical analyses. *P<0.05.
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the ability of the SMAD pathway to engage transcription-
ally in response to BMP stimulation and that BMP prefer-
entially signal through non-SMAD circuitries in
hematopoietic cells. The BRE-reporter study is in agree-
ment with the lack of hematopoietic phenotype seen
upon deletion of SMAD1/SMAD5.  
The p38 signaling pathway is an alternative signaling

circuitry implicated downstream BMP receptors.
Khurana et al. showed that p38 is phosphorylated in both
human and mouse HSPC cultured in the presence of
BMP4 in vitro.20 In agreement with this, we observed a
reduction in phosphorylation of p38 in hematopoietic
progenitor cells lacking BMPR-II. However, we could not
detect a robust induction of phosphorylation in response
to BMP4 in WT progenitor cells. This may be due to the
length of BMP stimulation, as Khurana et al. measured
p38 signaling following 5 days of continuous BMP4
exposure. We assayed p38 after 30 minutes of BMP4
stimulation, a time point to measure direct activation.
Reduced phosphorylation of p38 is therefore in agree-
ment with a more long-term loss of BMPR-II, and may
thus be due to secondary effects. 
Interestingly, we observed a significant increase in

expression of TJP1 in purified BMPR-II-/- LT-HSC. TJP1
has previously been linked to regulation of self-renewal in
embryonic stem cells where loss of TJP1 results in
increased self-renewal.37 Expression of TJP1 is shared
between HSC, ES cells, and neural stem cells, indicative
of a universal role for TJP1 in self-renewal of stem cells.38
Additionally, TJP1 is downregulated in a multipotent
hematopoietic cell line upon differentiation.39 Taken
together, these data substantiate the link between TJP1
and HSC self-renewal. Contrary to what is seen in
hematopoietic cells in vitro,39 our data suggests that loss of
BMPR-II leads to disruption of HSC self-renewal via
excessive expression of TJP1, which is in line with previ-
ous findings in ES cells.37 It is possible that fine-tuned
HSC regulation in vivo requires very specific levels of
TJP1. Our findings further show that knockdown of TJP1
partly rescues the BMPR-II null phenotype. Following
transplantation of BMPR-II-/- cells with TJP1 knockdown,
we observed an increase in cell contribution to the donor
LSK compartment. A similar trend was seen in the HSC
compartment, but not in more differentiated populations.
Our data suggests that the up-regulation of TJP1 is, at

least in part, one of the key mechanisms behind the
observed BMPR-II-/- hematopoietic phenotype. Complete
reversal of the phenotype may not have been achieved
due to incomplete knockdown or that in addition to TJP1
there could be other mechanisms playing a part in gener-
ating the phenotype.  
In order to increase the therapeutic applicability of HSC,

more detailed information is required regarding mecha-
nisms controlling fate options such as self-renewal. In
human hematopoiesis BMP have been shown to have an
important role in adhesion to stroma, differentiation
potential and ex vivo maintenance.19,20,36 Here, we identify
BMPR-II and TJP1 as important players regulating murine
LT-HSC self-renewal in vivo. In light of our findings, further
work should focus on investigating the role for BMPR-II
and in particular TJP1 in human HSC self-renewal. 
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Myelodysplastic syndromes (MDS) are hematological disorders at
high risk of progression to secondary acute myeloid leukemia
(sAML). However, the mutational dynamics and clonal evolu-

tion underlying disease progression are poorly understood at present. In
order to elucidate the mutational dynamics of pathways and genes
occurring during the evolution to sAML, next-generation sequencing
was performed on 84 serially paired samples of MDS patients who
developed sAML (discovery cohort) and 14 paired samples from MDS
patients who did not progress to sAML during follow-up (control
cohort). Results were validated in an independent series of 388 MDS
patients (validation cohort). We used an integrative analysis to identify
how mutations, alone or in combination, contribute to leukemic trans-
formation. The study showed that MDS progression to sAML is charac-
terized by greater genomic instability and the presence of several types
of mutational dynamics, highlighting increasing (STAG2) and newly-
acquired (NRAS and FLT3) mutations. Moreover, we observed co-opera-
tion between genes involved in the cohesin and Ras pathways in 15-20%
of MDS patients who evolved to sAML, as well as a high proportion of
newly acquired or increasing mutations in the chromatin-modifier genes
in MDS patients receiving a disease-modifying therapy before their pro-
gression to sAML.  
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ABSTRACT

Introduction

Myelodysplastic syndromes (MDS) are a heterogeneous group of clonal
hematopoietic disorders characterized by peripheral blood (PB) cytopenia with dys-
plastic bone marrow (BM) morphology and an increased risk of progression to sec-
ondary acute myeloid leukemia (sAML).1-3 Approximately one third of patients diag-



nosed with MDS eventually transform into sAML.4 Disease
progression is associated with a dismal prognosis, partly
because most of these patients are resistant to currently
available treatments, and the long-term survival rate of
treated patients is less than 10% after a couple of years.5-7
In recent years, new high-throughput genomic technolo-

gies, such as next-generation sequencing (NGS), have
enabled a large number of studies to elucidate some of the
mechanisms involved in MDS pathogenesis such as epige-
netic regulation, transcription, signaling pathways, splicing,
cohesin complex, apoptosis and angiogenesis. However,
MDS exhibit great genetic and clinical heterogeneity, so the
nature of their pathogenesis is still not fully understood.8-10
The mutational dynamics and clonal evolution underly-

ing disease progression have just begun to become clear.
Previous studies have identified multiple genes recurrently
mutated in MDS and sAML and these have provided
insight into the great intratumoral heterogeneity typical of
progression from MDS to sAML.8-13 These studies have
shown that the evolution of the disease is a complex
process involving new additional alterations co-existing
with the MDS founder clone.14 Moreover, recent studies
have described the association of mutations in genes such
as TET2, RUNX1, ASXL1, and STAG2 with high-risk MDS,
as well as the presence of mutations in genes activating sig-
naling pathways, such as FLT3, PTPN11, NPM1, and NRAS,
which are newly acquired in sAML and associated with
faster progression.15-17 However, this complexity and the
lack of large cohorts of serial samples means that molecular
mechanisms of disease progression are only partly under-
stood. Thus, longitudinal sequencing genomic studies are
still required to determine which mutations or combina-
tions of them are important in leukemic transformation.
In this study, we performed whole-exome sequencing

(WES) and/or targeted deep sequencing (TDS) on serial
samples from MDS patients who evolved to sAML (discov-
ery cohort) before and after progression, as well as TDS on
additional MDS patients who did not progress to sAML
during follow-up (control cohort). The results were validat-
ed in an independent series of MDS patients (validation
cohort). Interestingly, we undertook an integrative analysis
to determine the mutational dynamics of the pathways and
genes and to identify how mutations, alone or in combina-
tion, contribute to leukemic transformation. The study
showed involvement of co-occurrence of alterations in the
cohesin and Ras pathways in the MDS transformation to
sAML, as well as a high proportion of newly acquired or
increased clonal selection of mutations in the chromatin-
modifier genes in MDS patients who received a disease-
modifying therapy before their progression to sAML. 

Methods

Study design
In order to study the mutational changes occurring during the

evolution to sAML from a previous myelodysplastic phase, 486
samples from 437 patients were included in the study. The patient
series was divided into three cohorts (Online Supplementary Figure
S1): i) discovery cohort: a cohort of MDS → sAML progressing
patients that included 42 patients diagnosed with MDS who pro-
gressed to sAML; according to the study design, 84 BM serial
patient-matched samples were collected and sequenced on two
occasions with the first  sampling, at initial presentation of the dis-
ease (diagnosis, MDS stage), and the second sampling, after pro-

gression to sAML (disease evolution, leukemic phase); all samples
were analyzed by a TDS strategy; furthermore, 16 of those pro-
gressing patients (32 samples) were initially studied by WES; infor-
mation about the treatment received before progression was avail-
able for all 42 patients: azacytidine (n=16), lenalidomide (n=4) and
no treatment or supportive care (n=22); ii) control cohort: a cohort
of MDS non-progressing patients consisted of 14 BM paired sam-
ples from seven MDS patients who did not progress to sAML after
a minimum of 3-year follow-up for low-risk MDS 
(LR-MDS) and 1 year for high-risk MDS (HR-MDS) (median fol-
low-up of 52 months; range, 20-89 months); according to the study
design, the second sampling in this control cohort corresponded to
a time when the disease was stable and TDS was performed on all
these samples; iii) validation cohort: a cohort of 388 BM or PB sam-
ples from patients suffering MDS at diagnosis and for which only
one time-point (sample) was studied by TDS;. notably, 63 of these
patients eventually evolved to sAML, while 325 had not pro-
gressed to sAML after a median follow-up of 19.6 months. The
main patient clinical characteristics are summarized in the Online
Supplementary Table S1.
This research was performed in accordance with the

Declaration of Helsinki guidelines, and was approved by the Local
Ethics Committee (“Comité Ético de Investigación Clínica,
Hospital Universitario de Salamanca”). All patients provided writ-
ten informed consent.

Sequencing analysis
Whole-exome sequencing
WES was performed on matched diagnosis-progression samples

from 16 patients of the discovery cohort. The mean coverage of
WES was 77.6x (range, 36-124) and at least 73% of the captured
regions had a coverage of 30x or more for all 32 samples (Online
Supplementary Table S2). See the Online Supplementary Appendix for
full details.

Targeted-deep sequencing
All genomic DNA samples underwent TDS using an in-house

custom capture-enrichment panel of 117 genes previously related
to the pathogenesis of myeloid malignancies (Online Supplementary
Table S3). The mean coverage of TDS was 665x (range, 251-1,198)
where 99.5% of target regions were captured at a level greater
than 100x. See the Online Supplementary Appendix for full details.

Analysis of mutational dynamics
The main aim of this study was to analyze the mutational

changes occurring between the first sampling (MDS stage) and the
second sampling (stable disease/sAML stage) in the discovery and
control cohorts. To this end, variant allele frequency (VAF) at these
two stages were compared using two approaches: i) VAF ratio
between second and first sampling, where thresholds of >1.2 and
<0.8 were used to classify mutations as increasing or decreasing,
respectively, while ratios between these thresholds were consid-
ered to be stable; and ii) Fisher´s exact test where values of P<0.05
were taken to indicate statistically significant changes during pro-
gression. 

Results

Molecular landscape of the progression from 
myelodysplastic syndromes to secondary acute myeloid
leukemia
In order to characterize the main cohort of the study, the

discovery cohort, 16 patients (patients #27 - #45) were ana-
lyzed by WES at the time of diagnosis and at leukemic
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transformation, as previously explained. After a stringent
analysis18 as described in the Online Supplementary
Appendix, 61 variants were identified as likely somatic
mutations: 40 were called driver and 21 were called passen-
ger using the novel bioinformatics tool “Cancer Genome
Interpreter”19 (Online Supplementary Table S4). A total of 47
variants in genes known to drive myeloid malignancies
were further validated with a true positive rate of >89%
using TDS and VAF correlation between two platforms was
high (Pearson´s r=0.90) (Online Supplementary Figure S2).
However, the application of TDS revealed that several driv-
er mutations were not detected by WES as they were poor-

ly covered and displayed a low VAF. Then, we decided to
more comprehensively study disease progression by apply-
ing the TDS panel in a larger cohort of serially collected
samples.
We performed TDS on these 16 patients of the initial dis-

covery cohort and in additional 26 patients. A total of 159
mutations were identified at diagnosis of the 42 patients
(Online Supplementary Table S5). The most recurrently
mutated genes were TET2 (14 of 42, 33%), SF3B1 (13 of 42,
31%), SRSF2 (ten of 42, 24%), DNMT3A (10 of 42, 24%),
STAG2 (8 of 42, 19%), TP53 (8 of 42, 19%) and ASXL1 (6
of 42, 14%). At the time of the second sampling, the sAML

MDS progression involves cohesin and RAS mutations
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Figure 1. Boxplots showing the differences in the number of mutations (A-B) and variant allele frequency (C-D) between the two times analyzed during the evolu-
tion of the disease and between the different French-American-British/World Health Organization (FAB/WHO) subtypes at the time of diagnosis. (A) Differences
in the number of mutations between diagnosis and follow-up/secondary acute myeloid leukemia (sAML) stages within and between the control and discovery
cohorts. These graphs show a statistically significant increase in the number of mutations during disease evolution in patients who progressed to sAML (P<0.0001).
(B) No significant differences in the number of mutations between the FAB/WHO subtypes at time of diagnosis (number of mutations low-risk myelodysplastic syn-
dromes [LR-MDS] vs. high-risk MDS [HR-MDS], P=0.588). (C) Differences in variant allele frequency (VAF) of detected mutations between diagnosis and sAML stage
in the discovery cohort. The VAF was higher at the time of sAML progression (P<0.0001). (D) No significant difference in VAF between the FAB/WHO subtypes at
time of diagnosis (VAF: LR-MDS vs. HR MDS, P=0.528). NS: not significant; *P<0.05; ****P<0.0001.

   A                                                                                                     B

   C                                                                                                    D
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Figure 2. Dynamics of gene mutations in the myelodysplastic syndromes to secondary acute myeloid leukemia progression axis. (A) Comprehensive landscape of
mutational dynamics in the discovery and control cohorts. Genes are grouped by cellular functions and are represented in rows; each column represents a patient.
Dynamics are represented by a color gradient: red/orange for newly acquired/increasing mutations, yellow for stable mutations, and blue/green colors for decreasing
mutations. (B) Co-occurrence of cohesin complex and Ras signaling mutations in the discovery cohort. Circos plot of statistically significant associations between
mutations detected in the discovery cohort, grouped by functional pathways. Graphs represent patients with mutations in the cohesin complex and Ras signaling,
and the most frequently mutated genes in these pathways, STAG2 and NRAS, showing a statistically significant association (P=0.023 and P=0.002, respectively). (C)
Incidence of this co-occurrence pattern in the discovery and validation cohorts. The table contains the number of patients with the combination of cohesin and Ras
signaling mutations in the discovery and validation cohorts and an indication of whether they evolved to secondary acute myeloid leukemia (sAML). (D) Prognostic
impact of the co-occurring mutations in the cohesin complex and Ras pathway. Kaplan-Meier curves for overall survival and sAML progression-free survival in patients
bearing co-occurring cohesin and Ras pathway mutations in the entire validation cohort. VAF: variant allele frequency; LR: low-risk; HR: high-risk; NS: not significant;
*P<0.05.
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B
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stage, 210 mutations were detected, 159 of which were
already known to be present in the MDS stage, at clonal or
subclonal levels (128 were retained and 31 evolved during
disease progression), while 51 were detected only at the
second sampling. The most recurrently mutated genes at
the sAML stage were similar to those noted at the MDS
stage: TET2 (17 of 42, 40%), SF3B1 (13 of 42, 31%), TP53
(12 of 42, 29%), SRSF2 (ten of 42, 24%), DNMT3A (ten of
42, 24%), ASXL1 (nine of 42, 21%) and STAG2 (eight of 42,
19%). However, the NRAS gene (9 of 42, 21%) also stood
out at this stage. It should be noted that 32 of 54 genes
(59%) were mutated only in fewer than three (<7%)
patients, highlighting the great heterogeneity in the mecha-
nisms of disease evolution.

Regardless of World Health Organization diagnosis 
subtypes, patients progressing to secondary acute
myeloid leukemia present a higher number of 
mutations than those that do not progress
In order to analyze the changes in clonal size and distri-

bution during evolution to sAML, we compared the num-
ber of mutations identified at diagnosis and at the second
sampling in the discovery and control cohorts. The control
cohort presented a median of three mutations at both sam-
pling times (p10-p90: 2-4 in both), indicating no significant
differences (P=0.449). By contrast, the discovery cohort had
a median of four (p10-p90: 1-6) and five (p10-p90: 2-9)
mutations at the first and second samplings, respectively,
representing a highly significant increase in the number of
mutations during disease progression (P<0.0001).
Remarkably, the control and discovery cohorts had a similar
number of mutations at the time of diagnosis (P=0.097),
although a slight trend was observed, while patients who
progressed showed a significantly higher number of muta-
tions at the time of sAML than the control patients at the
second sampling (P=0.027) (Figure 1A). Considering the dis-
covery cohort patients by World Health Organization diag-
nosis subtype (LR-MDS and HR-MDS) did not reveal any

significant differences in the number of mutations in
patients progressing to sAML (P=0.588) (Figure 1B).
In order to further study what characterizes disease evo-

lution, we compared the VAF of mutations at both times.
Patients who evolved to sAML presented a significantly
higher VAF median at second sampling (29.11% vs.
36.76%, P<0.0001) (Figure 1C). However, no differences
were identified in the median VAF between each subtype at
the time of diagnosis (P=0.528). (Figure 1D).
Therefore, taking all these results together, MDS patients,

irrespective of their diagnostic subtype, displayed a greater
genomic instability during disease progression than patients
who did not evolve to sAML.

Mutational dynamics during the progression to 
secondary acute myeloid leukemia: clonal evolution
In order to study the mutational dynamics and identify

which mutations could be involved in clonal evolution
and play an important role during disease progression,
the VAF of mutations detected at both times (follow-
up/sAML vs. diagnosis) were compared in all patients of
the discovery and control cohorts.
Four types of clonal dynamics were identified: type 1,

in which mutations were initially present in the MDS
stage, but whose VAF increased significantly in the sAML
stage; type 2, mutations whose VAF significantly
decreased; type 3, mutations that were newly acquired at
the sAML stage; type 4, mutations that persisted with a
similar allelic burden at both stages.
Stable mutations (Figure 2A, type 4, depicted in yellow)

were detected in genes involved in the spliceosome and
DNA methylation pathways, such as the splicing factor
SRSF2 (diagnosis vs. sAML median VAF, P=0.4922) and
the DNA methylation gene DNMT3A (diagnosis vs.
sAML median VAF, P=0.7695) (Online Supplementary
Figure S3).
Only a minority of the mutations detected at diagnosis

showed a decrease in their allelic burden (Figure 2A, type

MDS progression involves cohesin and RAS mutations
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Figure 3. Model of clonal evolution during myelodysplastic syndrome progression to secondary acute myeloid leukemia using patient #43 as an example and apply-
ing the Fishplot R package.29 In this patient diagnosed as RAEB-1, an myelodysplastic syndrome (MDS) founder clone was present at the time of diagnosis with
typical myeloid mutations such as TET2 and SRSF2. This clone also harbored a mutation in STAG2, thus it triggered the acquisition of a subsequent mutation in a
Ras pathway gene, namely NRAS. This clone expanded, driving the evolution of the disease.



2, in green-blue), and these were randomly distributed
throughout all the genes without showing a pattern.
The most interesting dynamic patterns were those of

newly acquired mutations (Figure 2A, type 3, represented
in red) or increased in clonal size (Figure 2A, type 1, in
orange) at the time of sAML progression. These muta-
tional patterns were mainly found in the cohesin complex
and Ras signaling, where they were clustered in the
STAG2 and NRAS, KRAS and FLT3 genes. These profiles
were also detected in transcription factors and epigenetic
modifiers, but in these cases they were randomly distrib-
uted among the genes. In fact, the STAG2 VAF median
was significantly higher at sAML stage (diagnosis vs.
sAML median VAF, P=0.023) and this gene was mutated
in eight patients of the discovery cohort, in five of which
the VAF had increased by the time they had become
sAML (Online Supplementary Figure S3). The increase was
statistically significant in three of these five patients,
while it was not significant in the other two, although a
trend was observed (P<0.08), probably because the VAF
at diagnosis was already very high. Moreover, most of the
mutations (nine of 12) in the cohesin complex genes were
of the frameshift or stop gained (loss of function) type
and the cohesin-mutated patients showed a higher num-
ber of mutations than wild-type patients (median number
of mutations: seven vs. four, P=0.0179). On the other
hand, NRAS and FLT3 mutations were newly acquired
(diagnosis vs. sAML median VAF, P=0.0029 and P=0.0078,
respectively) during the evolution and so were detected at
the sAML stage (Online Supplementary Figure S3).

Co-occurrence of cohesin complex and Ras signaling
mutations in patients after progressing to secondary
acute myeloid leukemia
Within this heterogeneous landscape of mutational

dynamics, we focused our study on increasing (type 1)
and newly acquired (type 3) mutations because their
dynamic patterns suggested that they were positively
selected during disease evolution. Moreover, in order to
better characterize the mechanisms driving sAML pro-
gression, we studied which pathways and combination
of them were affected by these types of mutations.
In the discovery cohort, a high proportion of Ras signal-

ing-mutated patients at the sAML stage, already harbored
cohesin complex mutations. In fact, 26% (11 of 42) of the
discovery cohort patients carried mutations in the
cohesin complex at diagnosis. On the other hand, 52%
(22 of 42) of the patients had at least one Ras pathway
mutation at the sAML stage, mainly acquired during the
evolution of the disease. Of interest, nine of these
cohesin-mutated patients (nine of 11, 82%) carried a co-
occurring Ras signaling mutation at the sAML stage.
Considering only the most recurrently mutated gene,
STAG2 (n=eight of 11), seven patients (seven of eight,
88%) carried another mutation in the Ras pathway, this
being a NRAS mutation in five patients. Therefore, there
was a statistically significant co-occurrence of these two
pathways (P=0.023) and of the most recurrently mutated
genes of these pathways, STAG2 and NRAS (P=0.002)
(Figure 2B).
In order to confirm these observations and their impact

on MDS progression to sAML, the combination of the
cohesin complex and Ras pathway mutations was sought
in the validation cohort, an independent cohort of 388
patients in which the disease was studied on only one

occasion, at diagnosis. In fact, these co-occurring muta-
tions were detected in eleven additional patients: nine of
which finally transformed into sAML (nine of 63), while
two patients did not evolve during the median follow-up
of 19.6 months (two of 325) (Figure 2C). Although all sam-
ples of this cohort were studied at diagnosis, these nine
patients carried cohesin and Ras co-occurring mutations at
an advanced stage of the disease, indeed these were
detected in sAML sampling or in patients who trans-
formed in a median time of 11 months from sampling.
The discovery cohort included only patients who

evolved to sAML, and therefore displayed a very poor
outcome. This made it difficult to measure the impact of
this co-occurrence in these patients. For that reason and
also to further study the clinical consequences of this co-
occurrence on outcome, the effects on overall survival
and progression-free survival in the validation cohort
(median follow-up of 19.6 months) were analyzed. In our
validation cohort, where 16.2% of patients evolved to
sAML and 44.76% died (Online Supplementary Table S1),
those patients harboring both the cohesin complex and
Ras signaling mutations had significantly shorter overall
survival (16 vs. 60 months, P=0.005) and significantly ear-
lier progression to sAML (10 vs. 15 months, P=0.005)
(Figure 2D). Moreover, in order to study the contribution
of the cohesin and Ras mutations alone to these effects,
comparison of median overall survival of the double-
mutant and cohesin and Ras single mutant patients was
performed and patients harboring double mutations
showed shorter overall survival than patients with Ras or
cohesin single mutations (16 vs. 25 vs. 37 months, respec-
tively, P=0.018, Online Supplementary Figure S4).

Higher proportion of newly acquired or increasing
mutations in chromatin modifiers in treated 
myelodysplastic syndrome patients
As previously mentioned, 48% of the patients in the

discovery cohort of this study were treated with 5-azacy-
tidine (AZA) (n=16) or lenalidomide (n=4), and pro-
gressed to sAML after therapy, whereas the other 52%
received no treatment (only supportive care). Thus, we
investigated whether the mechanisms of progression
could be slightly different between patients who were
treated with disease-modifying agents (AZA and
lenalidomide) before transformation into sAML and non-
treated patients.
In order to achieve this aim, the proportions of the dif-

ferent mutational dynamics were compared between
treated and untreated patients. Thereby, the mutational
dynamics featured a significantly higher proportion of
newly acquired or increasing mutations in chromatin
modifiers at the time of sAML in treated patients (eight of
15 mutations), while in untreated patients the majority of
mutations were stable (53% [eight of 15] vs. 19% [four of
21], P=0.031). By contrast, and with respect to the treat-
ment, no differences were detected in the dynamics of
the cohesin complex (50% [three of six] of newly
acquired or increasing mutations in treated patients vs.
50% [three of six] in untreated, P=1.00) or Ras pathway
mutations (91% [ten of 11] in treated vs. 76% [13 of 17]
in untreated patients, P=0.3299) (Online Supplementary
Figure S5). Thus, our study suggests that mutations in
chromatin-modifier genes could be related to the evolu-
tion of patients who receive disease-modifying treatment
before progression to sAML. 
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Discussion

Our study characterizes the landscape of mutations
during progression toward sAML and how mutations,
alone or in combination, contribute to leukemic transfor-
mation, based on the analysis of a large number of serial
samples from patients who progressed to sAML.
Moreover, the comparison of a control and a validation
cohort supports the identification of mechanisms mostly
related to evolution to sAML.
Previous studies have documented the clonal evolution

and greater clonal heterogeneity during cancer develop-
ment and, specifically, as MDS evolves to advanced
stages and transforms into sAML,8,9,14-16,20 and according
to this fact, the study demonstrates that MDS patients,
irrespective of their diagnostic subtype, gain more muta-
tions and a higher VAF during disease progression.
Therefore, these results are evidence that progression
toward sAML is associated with pronounced genomic
instability and a heavy mutational burden.
The mechanisms of disease evolution showed a great

heterogeneity.14-17 However, this study identified four dis-
tinct types of mutational dynamics and their roles during
sAML progression. It is of particular note that this study
shows a higher incidence of mutations in the cohesin
complex and Ras signaling genes than in previously pub-
lished MDS series,8,9,21,22 probably because this cohort
consisted only of patients who progressed to sAML.
Moreover, increasing mutations (type 1) were mainly
found in genes of this pathway, such as STAG2, most of
which were loss of function mutations. Previous studies
of cohesin mutations had already shown that these muta-
tions could be related to sAML progression,15,21,22 but the
dynamics observed in this study confirm that mutations
of cohesin complex genes could be an early event in
sAML progression, and the loss of function of these genes
could play an important role in the leukemic transforma-
tion. Similarly, the dynamics of Ras signaling genes
observed here, mainly newly acquired mutations (type 3),
highlight the importance of this pathway in sAML pro-
gression. Earlier studies have described how alterations in
Ras pathway genes, such as NRAS and FLT3, could drive
the progression to sAML23-25 but these results confirm
that they are late events that may drive leukemic transfor-
mation. Furthermore, this study reveals a significant co-
occurrence of mutations in these two pathways and, also,
in the main genes of these pathways (STAG2 and NRAS),
excluding the FLT3-ITD mutations which could have a
different behavior than other mutations in Ras pathway
and they could be involved in an independent mechanism
of sAML progression.26,27 Although Walter et al.28
described that NRAS and cohesin mutations tend to be
mutually exclusive, this work included a low number of
patients and, conversely, this co-occurrence was briefly
described in another study with a higher number of
patients.21 Thus, this study, due to detecting in a cohort of
sAML-progressing patients, demonstrates that this pro-
gressive combination of the cohesin complex, mainly
STAG2, and Ras signaling mutations, mostly NRAS, could
play an important role in the progression of MDS to
sAML. In addition, the results from the validation cohort
confirmed the impact of this co-occurrence on sAML pro-
gression not only in the discovery cohort, but also in the
validation cohort. Therefore, these findings support a
hypothesis of genetic “predisposition”, that early muta-

tions shape the future trajectories of clonal evolution
from MDS to sAML. Therefore, a new model of genetic
evolution could be suggested consisting of cohesin muta-
tions as an early event in the evolution of the disease that
trigger to acquire new mutations, mainly Ras signaling
mutations. Consequently, this clone expands, driving the
disease evolution (Figure 3, model of clonal evolution
using Fishplot R package).29 Recent studies have described
that cohesins are involved in DNA damage repair, chro-
matin accessibility and transcription factor activity30-32
and our results show than cohesin-mutated patients dis-
played a higher number of mutations, thereby cohesins
could cause an instability where new mutations are gen-
erated, mainly Ras mutations, leading the disease pro-
gression. These are not absolute rules and, unfortunately,
this novel model does not fully explain the progression to
sAML, but it could explain the evolution in 15-20% of all
sAML transformations. Moreover, cohesin mutations
potentiate the subsequent acquisition of Ras mutations,
so these mutations could be used to identify patients
whose disease is progressing before symptoms associated
with progression to sAML are manifested.
On the other hand, the mutations that were stable dur-

ing the evolution (type 4) were found in splicing and
DNA methylation genes. This is in line with the finding
of some recent reports showing that variants affect these
pathways in this steady-state pattern.16 Moreover, muta-
tions in DNA methylation and RNA splicing pathways
are well known to have a heavier mutational burden than
those in other genes, suggesting an early event in MDS
development.8,9 Considering these findings together,
these results showed that mutations in these pathways,
which have high VAF and are stable during the disease
evolution, could be directly involved in MDS pathogene-
sis (driver role) but not in sAML progression (passenger
role). The mutations whose VAF decreased during pro-
gression (type 2) were distributed randomly throughout
all the genes without showing a particular pattern. This
could be the result of clone sweeping, a previously
described event,15 that is specific to each patient rather
than to a specific pattern of each gene or pathway.
Furthermore, a mechanism that could be linked to the

evolution of patients who receive disease-modifying
treatment before progression to sAML was detected.
Several studies have described the mutational dynamics
in treated MDS patients and have demonstrated that ther-
apy alters clonal distribution, but the predictive impact of
the dynamics is still unclear.33-37 A significantly higher
proportion of newly acquired or increasing mutations in
chromatin modifiers at the time of sAML was identified
in treated patients. Thus, these results suggest that muta-
tions in chromatin-modifier genes could be related to the
evolution of treated patients. However, more studies
with larger numbers of patients are required to validate
this result.
In summary, MDS progression to sAML is character-

ized by greater genomic instability, irrespective of the
MDS subtypes at diagnosis, and there are four types of
mutational dynamics during the disease evolution,
increasing and newly acquired mutations (type 1 and
type 3, respectively) being of particular importance.
Moreover, a co-occurrence of cohesin complex and Ras
signaling mutations could play an important role in the
15-20% of MDS patients who evolved to sAML. With
regard to treatment, we found that mutations in chro-
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matin-modifier genes could be related to the evolution of
MDS patients who received disease-modifying treatment
before progression to sAML. 
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It has been suggested that stimulation of B-cell receptors (BCR) byspecific antigens plays a pathogenic role in diffuse large B-cell lym-
phoma (DLBCL). Here, it was the aim to screen for specific reactivi-

ties of DLBCL-BCR in the spectrum of autoantigens and antigens of
infectious origin. Arsenite resistance protein 2 (Ars2) was identified as
the BCR target of three of five activated B-cell type DLBCL cell lines and
two of 11 primary DLBCL cases. Compared to controls, Ars2 was
hypophosphorylated exclusively in cases and cell lines with Ars2-specif-
ic BCR. In a validation cohort, hypophosphorylated Ars2 was found in
eight of 31 activated B-cell type DLBCL, but in only one of 20 germinal
center B-cell like type DLBCL. Incubation with Ars2 induced BCR-path-
way activation and increased proliferation, while an Ars2/ETA’ toxin
conjugate induced killing of cell lines with Ars2-reactive BCR. Ars2
appears to play a role in a subgroup of activated B-cell-type DLBCL.
Moreover, transformed DLBCL lines with Ars2-reactive BCR still
showed growth advantage after incubation with Ars2. These results
provide knowledge about the pathogenic role of a specific antigen stim-
ulating the BCR pathway in DLCBL.  
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ABSTRACT

Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most common aggressive B-cell non-
Hodgkin lymphoma. According to the World Health Organization (WHO) classifica-
tion, DLBCL can be classified based on gene expression profiling (GEP) into an acti-
vated B-cell (ABC)-like type, a germinal center B-cell (GCB)-like type and primary
mediastinal B-cell lymphoma.1,2 In contrast to relatively well-studied genetic or epige-
netic pathway alterations, little is known about specific and complementary external



stimuli of different subgroups of DLBCL.3,4 In particular,
DLBCL of the ABC-type or the recently specified MCD-
type or Cluster 5 harbor recurrent mutations in MYD88 and
CD79B genes with dependency on constitutive BCR signal-
ing.5-8 For primary central nervous system lymphoma,
which represents a specific extranodal subtype of DLCBL
with molecular similarities to MCD type or C5 with fre-
quent mutations in MYD88 and CD79,9,10 SAMD14/neura-
bin-I were recently identified as antigens of BCR, and were
hyper-N-glycosylated specifically in patients with
SAMD14/neurabin-I-reactive BCR.11 In systemic DLBCL, a
cis and trans stimulation of the BCR by a so far uncharacter-
ized autoantigen was reported for the HBL1 line. Moreover,
an anti-idiotype reactivity of complementarity determining
region 3 of the BCR of the TMD8 line against an epitope
within its own FR2 (V37R38) was described, and for U2932
and OCI-LY10 lines BCR reactivity against apoptotic cell
debris was reported.8 This prompted us to screen for and
characterize possible target antigens of BCR of systemic
DLBCL using expression cloning of primary cryopreserved
specimens and DLBCL lines and subsequent protein array
screening.12-14

Methods

The study was approved by the local ethics committee
(Ärztekammer des Saarlandes 12/13). For expression cloning of
DLBCL-BCR, patients’ snap-frozen specimens were obtained
from the Dr. Senckenberg Institute of Pathology (Frankfurt am
Main, Germany). Sera of a second cohort of patients with DLBCL
were obtained from the DSHNHL RICOVER-60 trial.
DLBCL cryospecimens, of a third cohort of patients, of which

the cell-of-origin had been determined by GEP, were obtained
from the Institutes of Pathology of Würzburg and Kiel
Universities. 

B-cell receptor screening for autoantigens 
BCR from nine DLBCL cell lines were prepared by digestion

with papain. Moreover, expression cloning of recombinant BCR
derived from primary DLBCL cryospecimens was performed, as
described in the Online Supplementary Material. These DLBCL line-
derived BCR and the pooled recombinantly expressed BCR (each
at a concentration of 10 mg/mL) were screened on protein
macroarrays containing clones of UniPEx 1 and 2 cDNA expres-
sion libraries (Bioscience, Dublin, Ireland), as previously
described.13,14 To search for further antigens, all recombinant
DLBCL-derived antigen-binding fragments (Fab) without reactivi-
ty against arsenite resistance protein 2 (Ars2) were screened
against variously post-translationally modified UniPEx 1 and 2
protein macroarrays, including sumoylation, ubiquitination, citrul-
lination, and acetylation. Protein macroarrays were sumoylated as
described elsewhere15 and ubiquitination was performed with
synchronized HeLa cell extracts.16 The screening for antigens of
infectious origin is described in the Online Supplementary Material. 

Expression of target antigens and immunotoxins
The expression clone of Ars2 and subsequently the epitope-

containing region consisting of amino acids 342-375 of Ars2 were
recombinantly expressed with a C-terminal FLAG tag by a pSFI
vector in HEK293 cells. Additionally, C-terminally FLAG-tagged
full-length Ars2 was transfected by electroporation into U2932
and TMD8 via a pRTS vector.17 C-terminally FLAG-tagged
FamH83 and JmjD4 were recombinantly expressed in HEK293
cells. Site-directed mutagenesis of Ars2 and secondary modifica-

tion of antigens is described in the Online Supplementary Material.
Immunotoxins with monomethyl auristatin E (MMAE) are

effective in vivo and established in the clinics, but the synthesis of
toxin conjugates with MMAE requires enzyme-cleavable dipep-
tide linkers and is therefore challenging for academic laborato-
ries.18,19 Hence, a truncated form of Pseudomonas aeuroginosa exo-
toxin A (ETA’) was used, as the ETA’ conjugate can be recombi-
nantly expressed directly. Recombinantly expressed immunotox-
ins, consisting of Ars2 amino acids 342-375 conjugated to ETA’
were either obtained from the Fraunhofer Institute of
Experimental Medicine and Immunotherapy (Aachen, Germany)
or recombinantly expressed in our laboratory in E. coli BL21 and
purified by the His-Tag, as described by Nachreiner et al.20

Enzyme-linked immunosorbent assay (ELISA) for B-cell
receptor and serum reactivity against target antigens
and competition ELISA with apoptotic debris
Ars2, ubiquitinated FamH83, and sumoylated JmjD4 were con-

firmed as BCR antigens by ELISA, as previously described.13 ELISA
and competition assays with apoptotic debris are described in
detail in the Online Supplementary Material.

Western blot and isoelectric focusing
Lysates of DLBCL lines or of whole blood from patients were

loaded and separated by 10% sodium dodecylsulfate polyacryl -
amide gel electrophoresis and transferred to a polyvinylidene flu-
oride membrane using a transblot semidry transfer cell (Bio Rad).
After blocking overnight at 4°C in phosphate-buffered saline/10%
nonfat dry milk, a recombinant Ars2-reactive His-tagged Fab was
incubated at a concentration of 2 mg/mL for 1 h at room tempera-
ture, followed by incubation for 1 h at room temperature with
murine anti-his antibody at a ratio of 1:2,000 (Qiagen), with horse-
radish peroxidase-labeled anti-mouse IgG antibody (Bio Rad).
Chemiluminescence reagent (New England BioLabs) was used for
immunoblot detection. Isoelectric focusing was performed as pre-
viously described. Proliferation, BCR pathway activation assays,
cytotoxicity and apoptosis assays are described in the Online
Supplementary Material.

Results

Recombinant BCR in the form of Fab were successfully
synthesized from 11 DLBCL cases. Moreover, Fab of “nat-
ural” BCR were obtained by papain digestion from nine
DLBCL cell lines. From three of these cell lines, recombi-
nant Fab were generated (Online Supplementary Table S1).

Screening of protein macroarrays and a library of
infective agents  
The screening of DLBCL Fab identified an expression

clone of Ars2 transcript variant 2 (RZPDp828K0526 from
Unipex 2, UnigeneID: Hs.111801) spanning from amino
acids 253 to 416 as the candidate antigenic target. The
screening of the Fab of DLBCL cases and cell lines on post-
translationally modified protein macroarrays revealed
sumoylated JmJD4 (RZPDp9027E0216D from Unipex 1;
UnigeneID: Hs.555974) and ubiquitinylated FamH83
(RZPDp828G0328 from Unipex 2; UnigeneID: Hs.676336)
as candidate antigens. The screening against bacterial
lysates of 11 bacterial strains did not reveal any specific
reactivity. Screening of an Infectious Disease Epitope
Microarray (PEPperCHIP® Heidelberg, Germany) consisting
of 3,760 database-derived B-cell epitopes associated with
196 pathogens, including various bacterial, fungal, parasitic,

Ars2 in the pathogenesis of DLBCL
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and viral pathogens, revealed no significant binding of the
pooled DLBCL-BCR. 

Confirmation of Ars2, sumoylated JmjD4, and 
ubiquitinated FamH3 as targets of diffuse large B-cell
lymphoma B-cell receptors and determination of the 
B-cell receptor-binding epitope
ELISA with recombinant Ars2 (UnigeneID: Hs.111801)

expressed with a C-terminal FLAG-tag in HEK293 con-
firmed Ars2 as the BCR target antigen from three of five
(60%) ABC-derived cell lines (OCI-Ly3, OCI-Ly10, and

U2932; but not HBL1 and TMD8) and none of four GCB-
DLBCL cell lines (Figure 1A). Recombinant BCR from two
of 11 DLBCL cases (with unknown cell of origin), but
none of nine mantle cell lymphomas and none of 11 pri-
mary central nervous system lymphomas were reactive
with Ars2 (Figure 1B). Of the two Ars2-reactive DLBCL,
one was a non-GCB type and one was unclassified
according to immunohistochemistry using the Hans clas-
sifier.21 ELISA with fragments of different lengths of Ars2
as the coat identified a region spanning amino acids 350
to 416 as the BCR-binding epitope (Figure 1C), and all
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Figure 1. Reactivity of diffuse large B-
cell lymphoma-derived B-cell receptors
against Ars2. (A) Enzyme-linked
immunosorbent assay (ELISA) for reac-
tivity against Ars2 or sumoylated HSP90
as control of diffuse large B-cell lym-
phoma (DLBCL) cell line-derived natural
(Papain-digested) B-cell receptors (BCR)
in the Fab format and directly for cell
membrane-bound BCR. The columns
represent adsorbance at an optical den-
sity (OD) of 490 nm (mean and standard
deviation). (B) ELISA for Ars2 reactivity of
recombinant BCR derived from primary
DLBCL cryospecimens and controls. The
columns represent adsorbance at OD
490 nm (mean and standard deviation).
(C) Determination of the affinity region of
BCR against Ars2: The affinity region
within Ars2 was amino acids (AA) 301-
416 with the highest observed affinity
shown for AA 350-416. The columns rep-
resent adsorbance at OD 490 nm,
(mean and standard deviation). ABC:
activated B-cell type; GC: germinal cen-
ter B-cell type. (Figure continued on the
next pages)
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Ars2-specific BCR derived from cell lines and cryospeci-
mens bound to this epitope. ELISA with recombinant
sumoylated JmjD4 or ubiquitinylated FamH83 expressed
with a C-terminal FLAG-tag in HEK293 confirmed each
as target antigens of one DLBCL-derived recombinant Fab
and ubiquitinated FamH83 in addition as a target of a
recombinant mantle-cell lymphoma–derived Fab (Online
Supplementary Figures S1 and S2). Fab did not bind to non-
modified JmjD4 and FamH83. Binding of Ars2 to mem-
brane BCR was demonstrated by flow cytometry of
DLBCL cell lines with Ars2-reactive BCR, but not for the
TMD8 line without Ars2-reactive BCR. Internalization of
C-terminally FLAG-tagged Ars2 into U2932 cells was
observed after 60 min (Figure 1D). For OCI-Ly10, muta-
genesis of K98A of the BCR heavy chain gene had been
reported to result in loss of autoreactivity.8 OCI-Ly10
K98A resulted in loss of affinity against Ars2 (Figure 1E).

Characterization of Ars2 in diffuse large B-cell 
lymphoma with Ars2-specific B-cell receptors
No obvious differences in molecular weight of Ars2

from DLBCL cases with Ars2-reactive and Ars2-non-reac-
tive BCR and controls were observed in western blots;
similarly, Sanger sequencing revealed identical DNA
sequences, excluding mutations in the coding sequence as
an explanation for the immunogenicity of Ars2.
However, isoelectric focusing of cell lines (Figure 2A) and
DLBCL cases (Figure 2B) with an Ars2-reactive BCR
revealed a less negatively charged Ars2 isoform.
Dephosphorylation with alkaline phosphatase treatment
led to a stronger reduction of the negative charges of Ars2
from DBLCL cases and cell lines without Ars2-specific
BCR than in cases with Ars2-reactive BCR and resulted in
the disappearance of the differences in electric charge

between both isoforms of Ars2 (Figure 2C), demonstrat-
ing that the different isoelectric focusing pattern of Ars2
was due to hypophosphorylation in cases with Ars2-spe-
cific BCR. The hypophosphorylated Ars2 isoform was
detected in all of the three DLBCL cell lines with Ars2-
reactive BCR (i.e., OCI-Ly3, OCI-Ly10, and U2932), but
in none of six DLBCL lines without Ars2-reactive BCR.
This association in the nine analyzed DLBCL cell lines
between BCR reactivity against Ars2 and the presence of
the hypophosphorylated isoform of Ars2 was statistically
significant (Fisher exact t-test: two-tailed P=0.0119).
Regarding the 11 DLBCL cases with recombinantly
expressed Fab (Online Supplementary Table S1) derived
from cryospecimens, only the two cases with Ars2-reac-
tive Fab (#3 and #11) showed hypophosphorylation of
Ars2. In this cohort of 11 cases of cryospecimens and
recombinantly expressed Fab, the association between
Ars2 reactivity and presence of hypophosphorylated Ars2
isoform was also statistically significant (Fisher exact t-
test: two-tailed P=0.0182). Looking at the association
between BCR reactivity of DLBCL cells and the presence
of hypophosphorylated Ars2 isoform overall, considering
data from both cell lines and cases with cryospecimen-
derived recombinant Fab, the association was statistically
highly significant (Fisher exact t-test: two-tailed
P<0.0001).
Hypophosphorylated Ars2 was detected in the biopsies

of eight of 31 (26%) ABC-type DLBCL cases character-
ized by GEP, but in only  one of 20 (5%) GCB-type
DLBCL and in the peripheral blood from one in 100
healthy controls. 
The hypophosphorylated sites were identified as serine

328 and serine 341 by site-directed point mutagenesis of
various predicted sites in Ars2 transfected with a C-termi-
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Figure 1. Continued from previous page. (D) Binding of Ars2 and internalization into U2932 cells. At time 0 (left) Ars2 (a fragment of 253 to 416 amino acids) bound
to the cell surface of U2932 cells (above) and was not detected intracellularly (below). After 60 min incubation at 37°C (right) and washing, Ars2 was no longer
detected on the cell surface (above), but was found intracellularly (below). Non-specific binding was determined by incubation with antibodies alone. (E) ELISA for
reactivity against Ars2 of the BCR of OCI-Ly10 wt and K98A. Recombinant and papain-digested (natural) Fab of OCI-Ly10 bound to Ars2. K98A mutagenesis of recom-
binant OCI-Ly10 BCR resulted in the loss of reactivity of the recombinant BCR against Ars2. K98A had previously been described for OCI-Ly10 as being responsible
for loss of BCR autoreactivity against apoptotic debris. The columns represent adsorbance at OD 490 nm (mean and standard deviation).
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nal FLAG tag in OCI-Ly10, OCI-Ly3 and, as a control,
HBL1 (Figure 2D and Online Supplementary Figure S4).

Frequency, titers, and IgG subclasses of Ars2 serum
antibodies
Ars2 antibodies were detected by ELISA in the sera of

four of 98 patients with DLBCL, with titers ranging from
1:800 to 1:1600, and in one of 400 healthy controls. All
four patients with Ars2 antibodies in their sera (#22, #27,
#41, #73) were carriers of hypophosphorylated Ars2 in
the cells of their peripheral blood (Figure 2B), but this iso-
form was not detected in the peripheral blood of any of
the 94 other patients, resulting in a statistically significant
relationship between serum Ars2-autoantibodies and the
presence of the hypophosphorylated Ars2 in peripheral
blood (Fisher exact t-test: two-tailed P<0.0001).

Effects of Ars2 on diffuse large B-cell lymphoma lines 
Western blot analysis of BCR pathway activation after

addition of recombinant Ars2 revealed a strong activation
in the U2932 cell line with Ars2-reactive BCR, demon-
strated by a strong upregulation of pTyr525/526 SYK,
pTyr96 BLNK, pTyr759 PLCγ2, and pTyr223 BTK.
Moreover, this BCR stimulation by Ars2 led to increases

in MYC expression. However, regarding MYC two cases
with Ars2-reactive BCR (#4 and #10) did not have MYC-
overexpression, as determined by immunohistochemical
analysis (data not shown). No BCR pathway activation was
induced by the control antigen MAZ in the U2932 line or
by addition of Ars2 to the HBL1 line (Figure 3A). Addition
of recombinant Ars2 induced proliferation of U2932 and
OCI-Ly3 cells, but not of DLBCL cell lines without Ars2-
reactive BCR, such as TMD8, analyzed by the tetrazoli-
um/formazan EZ4U assay (Figure 3B). This Ars2-induced
growth stimulus could be reverted by addition of Ars2-
neutralizing recombinant Fab derived from patient #4
(Figure 3C). Furthermore, flow cytometry analysis of
U2932 cells showed a strong increase of cytoplasmic cal-
cium levels after incubation with the Ars2 epitope, but
not the control antigen (Figure 3D). 

Cytotoxicity of the Ars2/ETA’ conjugate
Addition of Ars2-ETA’ resulted in inhibition of growth

analyzed in proliferation assays. This inhibition could be
reverted by preincubation of Ars2/ETA’ toxin with the
Ars2-reactive recombinant Fab derived from case #4
(Figure 4A). The Ars2-ETA’ conjugate exerted a specific
and dose-dependent toxicity against the Ars2-reactive

L. Thurner et al.

2228 haematologica | 2021; 106(8)

Figure 2. Ars2 is exclusively hypophosphorylated in patients with Ars2-reactivity of lymphoma B-cell receptors. (A) Western blot and isoelectric focusing (IEF) of Ars2
derived from diffuse large B-cell lymphoma (DLBCL) cell lines. Western blot of Ars2 in nine DLBCL cell lines revealed no difference in Ars2 between cell lines with
and without Ars2-reactive B-cell receptors (BCR) (above). However, IEF of Ars2 in the DLBCL lines showed a less negative charge of Ars2 in OCI-Ly3, OCI-Ly10 and
U2932. These three cell lines had exclusively Ars2-reactive BCR. (B) IEF of Ars2 of whole blood derived from DLBCL patients with Ars2-autoantibodies (#22, #27,
#41, #73). The less negatively charged Ars2 isoform was also detected In the peripheral blood of these four patients. Ars2 autoantibody titers ranged between 1:800
and 1:1600 in these four patients. (C) Alkaline phosphatase treatment led to disappearance of differences in IEF of Ars2. A stronger reduction of negative charges
of Ars2 by dephosphorylation was observed in cases/cell lines without Ars2-reactive BCR. (D) Identification of the hypophosphorylated sites by site-directed mutage-
nesis and transfection of C-terminally FLAG-tagged Ars2 into U2932 and HBL1. In contrast to wild-type Ars2, mutations in Ser372Ala, Ser374Ala, Ser376Ala,
Ser348Ala, Ser349 Ala, Ser357Ala, Ser361Ala, Ser365Ala, Ser368Ala and Ser370Ala resulted in hypophosphorylated Ars2 isoforms in both HBL1 and U2932; how-
ever the Ars2 isoform of U2932 was still less negatively charged compared to that of HBL1. Only the mutants Ser328Ala and Ser341Ala resulted in the disappear-
ance of this difference in electric charge, identifying both Ser328 and Ser341 as the sites of hypophosphorylation. Murine anti-FLAG-antibody was used as the pri-
mary antibody.
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BCR-expressing cell lines, but had no observable effect
on DLBCL lines lacking Ars2-reactive BCR (Figure 4B).
No toxic effect was observed with the control toxin
LRPAP1-ETA’ against OCI-Ly3. Trypan blue staining
after addition of 5 mg/mL Ars2-ETA’ showed that 35%,
2% and 0% of OCI-Ly3 cells were alive after 24 h, 48 h
and 72 h, respectively, contrasting with findings for the
wild-type HBL1 cell line without BCR reactivity against
Ars2 (97% viable cells at 24 h; 96% at 48 h; and 97% at
72 h) (Figure 4B). In accordance with this, an increase of
apoptotic cells was detected after incubation with Ars2-
ETA’ in U2932 cells expressing Ars2-reactive BCR (Figure
4C), as demonstrated in the annexin V/propidium iodide
assay. 

Discussion

Beside the two relatively rare target antigens, ubiquiti-
nated FamH83 and sumoylated JmJD4, in the present
study, hypophosphorylated Ars2 was identified as a more
frequent antigen of BCR from DLBCL lines and recombi-
nant BCR from primary DLBCL cryospecimens. Ars2 is
also known as serrate RNA effector molecule (SRRT). Its
gene is located on chromosome 7q21 and the protein is a
zinc finger protein consisting of 875 amino acids with a
molecular weight of around 100 kDa. Ars2 was described
as being involved in miRNA silencing by interacting with
the nuclear cap binding complex,22 and as being involved
in the innate immune response against RNA viruses by
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Figure 3. B-cell receptor pathway activation and induction of proliferation by Ars2. (A) B-cell receptor (BCR) pathway analysis by western blot in U2932 and HBL1
after addition of cognate/control antigens Ars2 or MAZ showed strong activation due to the addition of ARS2 to U2932 cells with upregulation of pTyr525/526 SYK,
pTyr96 BLNK, pTyr759 PLCγ2 and pTyr223 BTK and higher expression of MYC. In contrast, no effect of ARS2 on the BCR pathway was observed in HBL1 cells. (B)
Induction of proliferation by Ars2. Addition of Ars2 to OCI-Ly3 and U2932 lines resulted in a statistically significant (P<0.01: Student t-test) increase of proliferation,
as determined by the EZ4U assay (columns represent formazan at an optical density [OD] of 450 nm), while addition of Ars2 had no effect on the TMD8 cell line.
Columns and bars represent mean and standard deviation of three experiments. (C) Inhibition of Ars2-induced proliferation by neutralizing Ars2-reactive Fab. Addition
of Ars2 together with Ars2-reactive (patient derived, case #4) recombinant Fab prevented induction of growth in U2932 cells. (D) Elevation of cytoplasmatic calcium
levels by addition of Ars2. Flow cytometry analysis of cytoplasmic calcium levels using Fluo-4 dye showed an increase after addition of the cognate antigen ARS2
(blue) comparable to the effect of adding anti-IgM (black) to U2932 cells, but not after the addition of a control antigen MAZ (green). Addition of Ars2 to control the
diffuse large B-cell lymphoma line HBL1 did not result in elevated calcium levels. 
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Figure 4. Targeting Ars2-reactive
diffuse large B-cell lymphoma with
Ars2-containing immunotoxins. (A)
Growth inhibition by B-cell receptor
(BCR)-ant igen/immunotoxins.
Growth of U2932 cells was inhibit-
ed by addition of Ars2/ETA’, an
immunotoxin of the epitope of the
cognate antigen Ars2 fused to a
truncated form of Pseudomonas
aeruginosa exotoxin A. This growth
inhibition could be prevented by co-
incubation with neutralizing Ars2-
reactive Fab but not by LRPAP1-
reactive Fab. Columns (formazan
formation detected at an optical
density of 450 nm) represent cell
proliferation (mean and standard
deviation). (B) BCR-specific lysis of
DLBCL cell lines by Ars2/ETA’
immunotoxin. Above: cytotoxic
effect after 24 h, 48 h and 72 h of
incubation with 5 mg/mL of recom-
binant Ars2/ETA’ or LRPAP1/ETA’
immunotoxins. Cell viability of HBL-
1 (left) and OCI-LY3 (right) cell lines
determined by trypan blue staining.
Below: Dose-dependent cytotoxic
effect of Ars2/ETA’ determined in a
lactate dehydrogenase (LDH)
release assay. Curves indicate per-
cent specific lysis of the HBL1 line
(left) or OCI Ly3 line (right) with and
without Ars2-reactive BCR, after
incubation with doses from 0
μg/mL to 10 mg/mL Ars2/ETA’,
LRPAP1/ETA’ or phosphate-
buffered saline. (C) Induction of
apoptosis by addition of Ars2/ETA’
immunotoxins. Flow cytometric
characterization of apoptotic
U2932 or HBL1 cells 24 h after
addition of Ars2/ETA’ or MAZ/ETA’
by annexin-V/propidium iodide
staining. U2932 cells have Ars2-
reactive BCR resulting in a strong
increase of early and late apoptotic
cells after addition of Ars2/ETA’.
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miRNA processing.23 Ars2 expression was shown to be
linked to proliferative states24 and different roles were
described in malignant disesases.25,26
All three target antigens of DLBCL-BCR identified in

this study share the characteristic of being atypically
post-translationally modified, which represents the most
likely reason for their immunogenicity. For ubiquitinated
FamH83 and sumoylated JmJD4, the lymphoma BCR
were specific for the secondary modified isoforms. In
contrast, Ars2-reactive BCR of DLBCL bound both the
hypophosphorylated and the normally phosphorylated
isoforms of Ars2. However, the hypophosphorylated iso-
form of Ars2 was only observed in cell lines or cryospec-
imens of DLBCL with BCR reactivity for Ars2 (P<0.0001).
Similarly, regarding peripheral blood, the hypophospho-
rylated isoform of Ars2 was only observed in lysates of
peripheral blood cells of patients seropositive for Ars2
autoantibodies (P<0.0001). These statistically significant
associations between Ars2-reactivity and the presence of
hypophosphorylated Ars2 indicate that this post-transla-
tional modification is involved in the immunogenicity.
Bringing this into the context of other B-cell neoplasias,

in plasma cell dyscrasia SLP2-reactive paraprotein was
also not specific for the differentially phosphorylated
SLP2 isoform.27 As for CD4+ T-helper cells specific for
hyperphosphorylated SLP2 in plasma cell dyscrasia,28 one
might speculate about a possible role of hypothetical
CD4+ T-helper cells specific for hypophosphorylated Ars2
epitopes, which might stimulate Ars2-reactive B cells,
which by themselves do not differentiate between nor-
mally phosphorylated and hypophosphorylated Ars2.
Generally, atypical post-translational modifications repre-
sent an accepted mechanism for the breakdown of self-
tolerance, with numerous examples in clinical immunolo-
gy, such as modified wheat gliadin in celiac disease,29 N-
terminally acetylated myelin basic protein in multiple
sclerosis,30 citrullinated fibrin/vimentin in rheumatoid
arthritis,31,32 phosphorylated SR proteins during stress-
induced apoptosis in systemic lupus erythematosus,33,34
immunogenic pSer81 progranulin isoform and progran-
ulin autoantibodies,35,36 phosphorylated enolase in pancre-
atic carcinoma,37-39 and the involvement of atypically
modified BCR target antigens in lymphomagenesis
including hyperphosphorylated SLP2, ATG13, and
sumoylated HSP90 in plasma cell dyscrasia and hyper-N-
glycosylated SAMD14/neurabin-I in primary central
nervous system lymphoma.11,15,27,40,41
Of interest, Ars2 hypophosphorylation and reactivity

of DLBCL BCR against Ars2 was nearly exclusively
detected in DLBCL of the ABC type. All the cell lines
with anti-Ars2 reactivity were of this cell of origin, and in
a validation cohort of DLBCL with cell of origin charac-
terized by GEP, hypophosphorylated Ars2 was detected
in eight of 31 cases (26%) of the ABC type of DLBCL, but
in only one of 20 cases (5%) of GCB-type DLBCL. In a
combined analysis of GEP-typed cryospecimens and ana-
lyzed cell lines, the hypophosphorylated Ars2 isoform
was statistically significantly associated with ABC type
(P=0.0188). 
Considering possible functional effects of Ars2, we

observed that its addition stimulated growth of DLBCL
lines with Ars2-specific BCR (Figure 3), indicating that
these lines still depend to some extent on BCR stimulation

by their cognate antigen Ars2. Regarding the mutational
background of these cell lines with Ars2-reactive BCR and
expression of hypophosphorylated Ars2, OCI-Ly10 has
mutated MYD88 (L265P)42 and a truncating mutation of
CD79A,7,43 U2932 has a mutated NFkB-pathway by TAK1
mutation,44 but wild-type CARD11, and wild-type
MYD88,7,45 and OCI-Ly3 has a mutated CARD11 and
mutated MYD88 (L265P).7,42 This demonstrates that,
despite pathway-activating mutations, the proliferation of
these cell lines might still benefit from an upstream BCR
pathway stimulation by a cognate antigen. 
From a therapeutic point of view, two hypothetical

approaches arise from these data. Firstly, BCR antigens
might be used as baits to target lymphoma cells in a spe-
cific way (i.e., targeting of a cell-bound antibody by an
antigen), similarly to anti-idiotype antibodies or pepti-
bodies,46 with the advantage of not having to be selected
and synthesized individually for each patient, since all
Ars2-reactive DLBCL BCR bind the same epitope.
Physiologically it is the major task of a surface
immunoglobulin to bind its cognate antigen and then
internalize it, enabling processing and antigen presenta-
tion via MHC class II molecules. Targeting Ars2-reactive
BCR of DLBCL cell lines resulted in a specific and effica-
cious killing. Beside this, the Ars2 epitope could be used
for bispecific constructs for T- or NK-cell engaging (e.g.,
CD3/Ars2 or CD16/Ars2),47 or as an additional
ectodomain for chimeric antigen receptor T cells.48
Secondly, regarding the high relative risk of carriers of
atypically hypophosphorylated Ars2, investigating ways
of modulating this post-translational modification might
be worthwhile in the future.

Disclosures
No conflicts of interest to disclose. MP died during the prepa-

ration of the manuscript. Saarland University has applied for a
relevant patent.

Contributions
LTh, SH, KDP, BK and MP designed the study. SH and

MLH performed microdissection of DLBCL cases and interpret-
ed data. WK, AW YJK, RMB, BK, FvB, LTr, MZ, NM, DKM
VP and GH were of great help in the acquisition of DLBCL
samples and clinical data. NF performed the protein array,
phosphorylation and proteomic experiments. ER did site-directed
point mutagenesis of Ars2. MK and ER performed sequencing
studies. LTh, MK, ER and TB performed seminested IgV gene
PCR and BCR expression cloning. LTh, MB, MK, ER and NF
performed expression of Ars2-immunotoxins. LTh and MP were
responsible for data analysis, interpretation of results and writ-
ing the manuscript. This article is dedicated to the memory of
MP, who died during its preparation.

Acknowledgments
We are grateful to the entire team of the José-Carreras-Center

for Immuno- and Gene Therapy, the DSHNHL and GLA, the
Department of Internal Medicine I of Saarland University
Medical School for continuous logistic and intellectual support.
We also thank Hans Drexler from DSMZ for constant support. 

Funding
This work was supported by a grant from Wilhelm-Sander-

Stiftung.

Ars2 in the pathogenesis of DLBCL

haematologica | 2021; 106(8) 2231



L. Thurner et al.

2232 haematologica | 2021; 106(8)

References
   1. Rosenwald A, Staudt LM. Gene expression

profiling of diffuse large B-cell lymphoma.
Leuk Lymphoma. 2003;44(Suppl 3):S41-47.

   2. Alizadeh AA, Eisen MB, Davis RE, et al.
Distinct types of diffuse large B-cell lym-
phoma identified by gene expression profil-
ing. Nature. 2000;403(6769):503-511.

   3. Reddy A, Zhang J, Davis NS, et al. Genetic
and functional drivers of diffuse large B cell
lymphoma. Cell. 2017;5;171(2):481-494.

   4. Lenz G, Wright G, Dave SS, et al. Stromal
gene signatures in large-B-cell lymphomas.
N Engl J Med. 2008;27;359(22):2313-2323.

   5. Schmitz R, Wright GW, Huang DW, et al.
Genetics and pathogenesis of diffuse large
B-cell lymphoma. N Engl J Med.
2018;12;378(15):1396-1407.

   6. Chapuy B, Stewart C, Dunford AJ, et al.
Molecular subtypes of diffuse large B cell
lymphoma are associated with distinct
pathogenic mechanisms and outcomes.
Nat Med. 2018;24(5):679-690.

   7.Davis RE, Ngo VN, Lenz G, et al. Chronic
active B-cell-receptor signalling in diffuse
large B-cell lymphoma. Nature 2010;463
(7277):88-92.

   8. Young RM, Wu T, Schmitz R, et al. Survival
of human lymphoma cells requires B-cell
receptor engagement by self-antigens. Proc
Natl Acad Sci U S A. 2015;112(44):13447-
13454.

   9.Montesinos-Rongen M, Godlewska E,
Brunn A, Wiestler OD, Siebert R, Deckert
M. Activating L265P mutations of the
MYD88 gene are common in primary cen-
tral nervous system lymphoma. Acta
Neuropathol. 2011;122(6):791-792.

 10.Montesinos-Rongen M, Schafer E, Siebert
R, Deckert M. Genes regulating the B cell
receptor pathway are recurrently mutated
in primary central nervous system lym-
phoma. Acta Neuropathol. 2012;124(6):
905-906.

 11. Thurner L, Preuss K-D, Bewarder M, et al.
Hyper N-glycosylated SAMD14 and neura-
bin-I as driver CNS autoantigens of PCNSL.
Blood. 2018;132(26):2744-2753.

 12.Cepok S, Zhou D, Srivastava R, et al.
Identification of Epstein-Barr virus proteins
as putative targets of the immune response
in multiple sclerosis. J Clin Invest.
2005;115(5):1352-1360.

 13. Preuss KD, Pfreundschuh M, Ahlgrimm M,
et al. A frequent target of paraproteins in
the sera of patients with multiple myeloma
and MGUS. Int J Cancer. 2009;125(3):656-
661.

 14. Thurner L, Müller A, Cérutti M, et al.
Wegener’s granuloma harbors B lympho-
cytes with specificities against a proinflam-
matory transmembrane protein and a
tetraspanin. J Autoimmun. 2011;36(1):87-
90.

 15. Preuss KD, Pfreundschuh M, Fadle N,
Regitz E, Kubuschok B. Sumoylated HSP90
is a dominantly inherited plasma cell
dyscrasias risk factor. J Clin Invest.
2015;125(1):316-323.

 16.Merbl Y, Kirschner MW. Large-scale detec-
tion of ubiquitination substrates using cell
extracts and protein microarrays. Proc Natl
Acad Sci U S A. 2009;106(8):2543-2548.

 17. Bornkamm GW, Berens C, Kuklik-Roos C,
et al. Stringent doxycycline-dependent con-
trol of gene activities using an episomal
one-vector system. Nucleic Acids Res.
2005;33(16):1-11.

 18.Doronina SO, Toki BE, Torgov MY, et al.
Development of potent monoclonal anti-
body auristatin conjugates for cancer thera-
py. Nat Biotech. 2003;21(7):778-784.

 19.Oflazoglu E, Kissler KM, Sievers EL,
Grewal IS, Gerber HP. Combination of the
anti-CD30-auristatin-E antibody-drug con-
jugate (SGN-35) with chemotherapy
improves antitumour activity in Hodgkin
lymphoma. Br J Haematol. 2008;142(1):69-
73.

 20.Nachreiner T, Kampmeier F, Thepen T,
Fischer R, Barth S, Stocker M. Depletion of
autoreactive B-lymphocytes by a recombi-
nant myelin oligodendrocyte glycoprotein-
based immunotoxin. J Neuroimmunol.
2008;195(1-2):28-35.

 21.Hans CP, Weisenburger DD, Greiner TC, et
al. Confirmation of the molecular classifica-
tion of diffuse large B-cell lymphoma by
immunohistochemistry using a tissue
microarray. Blood. 2004;103(1):275-282.

 22.Gruber JJ, Olejniczak SH, Yong J, LaRocca
G, Dreyfuss G, Thompson CB. Ars2 pro-
motes proper replication-dependent his-
tone mRNA 3’ end formation. Mol Cell.
2012;45(1):87-98.

 23. Sabin LR, Zhou R, Gruber JJ, et al. Ars2 reg-
ulates both miRNA- and siRNA- dependent
silencing and suppresses RNA virus infec-
tion in Drosophila. Cell. 2009;138(2):340-
351.

 24.Gruber JJ, Zatechka DS, Sabin LR, et al.
Ars2 links the nuclear cap-binding complex
to RNA interference and cell proliferation.
Cell. 2009;138(2):328-339.

 25.He Q, Huang Y, Cai L, Zhang S, Zhang C.
Expression and prognostic value of Ars2 in
hepatocellular carcinoma. Int J Clin Oncol.
2014;19(5):880-888.

 26.Cui L, Gao C, Zhang RD, et al. Low expres-
sions of ARS2 and CASP8AP2 predict
relapse and poor prognosis in pediatric
acute lymphoblastic leukemia patients
treated on China CCLG-ALL 2008 proto-
col. Leuk Res. 2015;39(2):115-123.

 27.Grass S, Preuss KD, Pfreundschuh M.
Autosomal-dominant inheritance of hyper-
phosphorylated paratarg-7. Lancet Oncol.
2010;11(1):12.

 28.Neumann F, Pfreundschuh M, Preuss KD, et
al. CD4(+) T cells in chronic autoantigenic
stimulation in MGUS, multiple myeloma
and Waldenstrom’s macroglobulinemia. Int
J Cancer. 2015;137(5):1076-1084.

 29.Arentz-Hansen H, Korner R, Molberg O, et
al. The intestinal T cell response to alpha-
gliadin in adult celiac disease is focused on
a single deamidated glutamine targeted by
tissue transglutaminase. J Exp Med. 2000;
191(4):603-612.

 30. Zamvil SS, Mitchell DJ, Moore AC,
Kitamura K, Steinman L, Rothbard JB. T-
cell epitope of the autoantigen myelin basic
protein that induces encephalomyelitis.
Nature. 1986;324(6094):258-260.

 31. Schellekens GA, de Jong BA, van den
Hoogen FH, van de Putte LB, van Venrooij
WJ. Citrulline is an essential constituent of
antigenic determinants recognized by
rheumatoid arthritis-specific autoantibod-
ies. J Clin Invest. 1998;101(1):273-281.

 32. van Venrooij WJ, Pruijn GJ. Citrullination: a
small change for a protein with great conse-
quences for rheumatoid arthritis. Arthritis
Res. 2000;2(4):249-251.

 33.Neugebauer KM, Merrill JT, Wener MH,
Lahita RG, Roth MB. SR proteins are
autoantigens in patients with systemic

lupus erythematosus. Importance of phos-
phoepitopes. Arthritis Rheum. 2000;43(8):
1768-1778.

 34.Utz PJ, Hottelet M, Schur PH, Anderson P.
Proteins phosphorylated during stress-
induced apoptosis are common targets for
autoantibody production in patients with
systemic lupus erythematosus. J Exp Med.
1997;185(5):843-854.

 35. Thurner L, Preuss KD, Fadle N, et al.
Progranulin antibodies in autoimmune dis-
eases. J Autoimmun. 2013;42:29-38.

 36. Thurner L, Fadle N, Regitz E, et al. The
molecular basis for development of proin-
flammatory autoantibodies to progranulin.
J Autoimmun.  2015;61:17-28.

 37.Cappello P, Tomaino B, Chiarle R, et al. An
integrated humoral and cellular response is
elicited in pancreatic cancer by α-enolase, a
novel pancreatic ductal adenocarcinoma-
associated antigen. Int J Cancer 2009;125
(3):639–648.

 38. Tomaino B, Cappello P, Capello M, et al.
Circulating autoantibodies to phosphory-
lated α-enolase are a hallmark of pancreatic
cancer. J Proteome Res. 2011;10(1):105-112.

 39. Zhou W, Capello M, Fredolini C, et al.
Mass spectrometry analysis of the post-
translational modifications of alpha-eno-
lase from pancreatic ductal adenocarcino-
ma cells. J Proteome Res. 2010;9(6):2929-
2936.

 40.Grass S, Preuss KD, Wikowicz A, et al.
Hyperphosphorylated paratarg-7: a new
molecularly defined risk factor for mono-
clonal gammopathy of undetermined sig-
nificance of the IgM type and Waldenstrom
macroglobulinemia. Blood. 2011;117(10):
2918-2923.

 41. Preuss KD, Pfreundschuh M, Fadle N, et al.
Hyperphosphorylation of autoantigenic
targets of paraproteins is due to inactiva-
tion of PP2A. Blood. 2011;118(12):3340-
3346.

 42.Ngo VN, Young RM, Schmitz R, et al.
Oncogenically active MYD88 mutations in
human lymphoma. Nature. 2011;470
(7332):115-121.

 43.Gordon MS, Kanegai CM, Doerr JR, Wall
R. Somatic hypermutation of the B cell
receptor genes B29 (Igb, CD79b) and mb1
(Igα, CD79a). Proc Natl Acad Sci U S A.
2003;100(7):4126-4131.

 44.Compagno M, Lim WK, Grunn A, et al.
Mutations of multiple genes cause deregu-
lation of NF-kappaB in diffuse large B-cell
lymphoma. Nature. 2009;459(7247):717-
721.

 45.Mondello P, Brea EJ, De Stanchina E, et al.
Panobinostat acts synergistically with ibru-
tinib in diffuse large B cell lymphoma cells
with MyD88 L265 mutations. JCI Insight.
2017;2(6):e90196.

 46. Torchia J, Weiskopf K, Levy R. Targeting
lymphoma with precision using semisyn-
thetic anti-idiotype peptibodies. Proc Natl
Acad Sci U S A. 2016;113(19):5376-5381.

 47. Bewarder M, Preuss KD, Fadle N, Regitz E,
Thurner L, Pfreundschuh M. CD3/Bars: a
novel bispecific format for the treatment of
B-cell lymphomas. Blood. 2016;128(22):
3516.

 48. Kochenderfer JN, Dudley ME, Kassim SH,
et al. Chemotherapy-refractory diffuse
large B-cell lymphoma and indolent B-cell
malignancies can be effectively treated
with autologous T cells expressing an anti-
CD19 chimeric antigen receptor. J Clin
Oncol. 2015;33(6):540-549.



haematologica | 2021; 106(8) 2233

Received: January 9, 2020.

Accepted: July 14, 2020.

Pre-published: July 16, 2020.

©2021 Ferrata Storti Foundation

Material published in Haematologica is covered by copyright.
All rights are reserved to the Ferrata Storti Foundation. Use of
published material is allowed under the following terms and
conditions: 
https://creativecommons.org/licenses/by-nc/4.0/legalcode. 
Copies of published material are allowed for personal or inter-
nal use. Sharing published material for non-commercial pur-
poses is subject to the following conditions: 
https://creativecommons.org/licenses/by-nc/4.0/legalcode,
sect. 3. Reproducing and sharing published material for com-
mercial purposes is not allowed without permission in writing
from the publisher.

Correspondence: 
JACQUES FELLAY
jacques.fellay@epfl.ch

Haematologica 2021
Volume 106(8):2233-2241

ARTICLENon-Hodgkin Lymphoma

https://doi.org/10.3324/haematol.2020.247023

Ferrata Storti Foundation

Human immunodeficiency virus (HIV) infection is associated with an
increased risk of non-Hodgkin lymphoma (NHL). Even in the era of
suppressive antiretroviral treatment, HIV-infected individuals

remain at higher risk of developing NHL compared to the general popula-
tion. In order to identify potential genetic risk loci, we performed case-con-
trol genome-wide association studies and a meta-analysis across three
cohorts of HIV-infected patients of European ancestry, including a total of
278 cases and 1,924 matched controls. We observed a significant associa-
tion with NHL susceptibility in the C-X-C motif chemokine ligand 12
(CXCL12) region on chromosome 10. A fine mapping analysis identified
rs7919208 as the most likely causal variant (P=4.77e-11), with the G>A
polymorphism creating a new transcription factor binding site for BATF
and JUND. These results suggest a modulatory role of CXCL12 regulation
in the increased susceptibility to NHL observed in the HIV-infected popu-
lation.
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Introduction

Human immunodeficiency virus (HIV) infection is
associated with a markedly increased risk of several
types of cancer compared to the general population.1–3
This elevated cancer risk can be attributed partly to viral-
induced immunodeficiency, frequent co-infections with
oncogenic viruses (e.g., Epstein-Barr virus [EBV], hepati-
tis B and hepatitis C viruses, human herpesvirus 8 [HHV-
8] and papillomavirus), and increased prevalence of tradi-
tional risk factors such as smoking.4,5 However, all of
these risk factors may not entirely explain the excess
cancer burden seen in the HIV-infected (HIV+) popula-
tion.5,6
A previous study performed in the Swiss HIV Cohort

Study (SHCS) identified two AIDS-defining cancers,
Kaposi sarcoma and non-Hodgkin lymphoma (NHL) as
the main types of cancer found among HIV+ patients
(NHL representing 34% of all identified cancers).4 The
relative risk of developing NHL in HIV+ patients was
highly elevated compared to the general population
(period-standardized incidence ratio [SIR] = 76.4).4 High
HIV plasma viral load, absence of antiretroviral therapy
(ART) as well as low CD4+ T-cell counts are known pre-
dictive factors for NHL.7,8 The introduction of ART into
clinical practice has led to improved overall survival and
restoration of immunity by decreasing viral load and
increasing CD4+ T-cell counts, and has led to a decreased
risk of developing NHL. However, the risk remains sub-
stantially elevated compared to the general population
(suboptimal immune response [SIR] 9.1[range, 8.3–10.1])9
and NHL still represents 20% of all cancers in people liv-
ing with HIV in the ART era.10 NHL associated with HIV
are predominantly aggressive B-cell lymphomas.
Although they are heterogeneous, they share several
pathogenic mechanisms involving chronic antigen stimu-
lation, impaired immune response, cytokine deregula-
tion and reactivation of the oncogenic viruses EBV and
HHV-8.11
The emergence of genome-wide approaches in human

genomics has led to the discovery of many associations
between common genetic polymorphisms and suscepti-
bility to several diseases including HIV infection and
multiple types of cancer.12,13 Recent genome-wide associ-
ation studies (GWAS) of NHL have identified multiple
susceptibility loci in the European population.14–22 These
variants are located in the genes LPXN21, BTNL223,
EXOC2, NCOA114, PVT114,22, CXCR5, ETS1, LPP, and
BCL222 for various subtypes of NHL, as well as BCL6 in
the Chinese population.24 Strong associations with varia-
tion in human leukocyte antigen (HLA) genes have also
been reported.15,18,22 However, in the setting of HIV infec-
tion, no genome-wide analysis has been reported con-
cerning the occurrence of NHL and the specific mecha-
nisms driving their development remain largely
unknown.
Here we report the results of the first genome-wide

analysis of NHL susceptibility in individuals chronically
infected with HIV. We combined three HIV cohort stud-
ies from France, Switzerland and the USA and searched
for associations between >6 million single nucleotide
polymorphisms (SNP) and a diagnosis of NHL. We iden-
tified a novel genetic locus near CXCL12 to be associated
with the development of NHL among HIV+ individuals.

Methods

Ethics statement
The SHCS, the Primo ANRS and ANRS CO16 Lymphovir

cohorts (ANRS) and the Multicenter AIDS Cohort Study
(MACS) cohorts have been approved by the competent Ethics
Committees /Institutional Review Boards of all participating
institutions. A written informed consent, including consent for
human genetic testing, was obtained from all study partici-
pants. 

Study participants and contributing centers
Genotyping and phenotypic data were obtained from a total

of 2,202 HIV+ individuals enrolled in the SHCS, ANRS and
MACS cohorts (278 cases and 1,924 controls) (Table 1). For
details on inclusion criteria and cohorts, refer to the Online
Supplementary Appendix. 

Quality control and imputation of genotyping data
The genotyping data from each cohort was filtered and

imputed in a similar way, with each genotyping array processed
separately to minimize potential batch effects. All variants were
first flipped to the correct strand orientation with BCFTOOLS
(v1.8) using the human genome build GRCh37 as reference.
Variants were removed if they had a larger than 20% minor
allele frequency (MAF) deviation from the 1,000 genomes phase
3 EUR reference panel or if they showed a larger than 10%
MAF deviation between genotyping chips in the same cohort.
The quality control (QC) filtered genotypes were phased

with EAGLE225 and missing genotypes were imputed using
PBWT26 with the Sanger Imputation Service,27 taking the 1,000
genomes project phase 3 panel as reference. Only high-quality
variants with an imputation score (INFO >0.8) were retained
for further analyses.

Genome-wide association testing and meta-analysis
In order to search for associations between human genomic

variation and the development of HIV-related NHL, we first
performed separate GWAS within each cohort (SHCS, ANRS
and MACS) prior to combining the results in a meta-analysis.  
For each cohort separately, the imputed variants were filtered

out using PLINK (v2.00a2LM)28 based on missingness (>0.1),
MAF (<0.02) and deviation from Hardy-Weinberg Equilibrium
(PHWE<1e-6). Determination of population structure and calcula-
tion of principal components was done using EIGENSTRAT
(v6.1.4)29 and the HapMap3 reference panel.30 All individuals not
clustering with the European HapMap3 samples were excluded
from further analyses. The samples were screened using KING
(v2.1.3)31 to ensure no duplicate or cryptic related samples were
included. Single-marker case-control association analyses were
performed using linear mixed models, with genetic relationship
matrices calculated between pairs of individuals according to the
leave-one-chromosome-out principle, as implemented in GCTA
mlma-loco (v1.91.4beta).32,33 Sex was included as a covariate,
except in the MACS cohort, which only includes men.
The results of the three GWAS were combined across cohorts

using a weighted Z-score-based meta-analysis in PLINK
(v1.90b5.4), after exclusion of the variants that were not present
in all three cohorts.  

Other methods
The details of the cohorts and other methods used, i.e., fine

mapping, prediction of causal variants, long-range chromatin
interactions, transcriptomic effects, comparisons to GWAS in



the general population and information on data sharing can be
found in the Online Supplementary Appendix. 

Results

Study participants and association testing
In order to identify human genetic determinants of

HIV-associated NHL, we performed case-control GWAS
in three groups of HIV+ patients of European ancestry
(SHCS, ANRS and MACS). The characteristics of the
study participants are presented in Table 1. In total, geno-
typing data were obtained for 278 cases (NHL+/HIV+)
and 1,924 matched controls (NHL-/HIV+). With this sam-
ple size, we had 80% power to detect a common genetic
variant (10% minor allele frequency) with a relative risk
of 2.5, assuming an additive genetic model and using
Bonferroni correction for multiple testing (Pthreshold=5e-8).34
After genome-wide imputation and quality control, 6.2

million common variants were tested for association with
the development of NHL using linear mixed models
including sex as a covariate. Results were combined
across cohorts using a weighted Z-score-based meta-
analysis (Figure 1A). The genomic inflation factor (lamb-
da) was in all cases very close to 1 [1.00–1.01], indicating
an absence of systematic inflation of the association
results (Figure 1B; Online Supplementary Figure S2).

Association results
We observed significant associations with the develop-

ment of HIV-related NHL at a single locus on chromo-
some 10, downstream of CXCL12 (Figure 1C). A total of
seven SNP in this locus had P-values lower than the
genome-wide significance threshold (P<5e-8), with
rs7919208 displaying the strongest association (Table 2).
This association was only detected in the SHCS and
ANRS cohorts and not among MACS study participants
(Online Supplementary Table S1). 

Fine mapping of the CXCL12 locus 
In order to identify the causal variant(s) among associ-

ated SNP and determine their potential functional effects,
we used a multi-level fine mapping approach, combining
the statistical fine mapping tool PAINTOR to obtain a
99% credible set and the deep learning framework
DeepSEA to predict any effects on chromatin marks and

transcription factor binding these variants may have.
Using PAINTOR, we identified a single variant,

rs7919208, having a high posterior probability (=100%)
of being causal among the 99% credible set based on the
integration of the association results, linkage disequilibri-
um (LD) structure and enrichment of genomic features in
this locus (Figure 2). 
Consistent with the PAINTOR result, DeepSEA also

identified rs7919208 as the sole variant, among the 99%
credible set, predicted to have a functional impact by sig-
nificantly increasing the probability of binding by the B-
cell transcription factors BATF (log2 fold-change=3.27) and
JUND (log2 fold-change=2.91) (Online Supplementary Table
S2). Further analysis of the genomic sequence surrounding
rs7919208 and the JASPAR transcription factor binding site
(TFBS) motifs for BATF and JUND revealed that rs7919208
G->A polymorphism creates the TFBS motif required for
the binding of these transcription factors (Figure 3A). 

Long-range chromatin interactions
In order to assess the potential functional links between

the TFBS created in the presence of the minor allele of
rs7919208 and the nearby genes, we performed an analy-
sis of promoter capture Hi-C data and topologically asso-
ciating domains (TAD). We used the well-characterized
GM12878 lymphoblastoid cell line produced by EBV
transformation of B lymphocytes collected from a female
European donor as a model. 
First, in order to examine the interaction potential of

the rs7919208 region with nearby promoters, we ana-
lyzed available promoter capture Hi-C data obtained
from the GM12878 cell line. This analysis revealed a sig-
nificant interaction between the rs7919208 region and the
CXCL12 promoter, suggesting a possible modulating
impact of rs7919208 on the transcription of that gene
(Figure 3B). Second, in order to further validate this
observed genomic interaction, we analyzed available
TAD calls from GM12878 cells,35 using the 3D Genome
Browser for visualization36 (Figure 3C). We observed that
rs7919208 is located within a large TAD together with
CXCL12, signifying the interaction potential of the new
TFBS at rs7919208 and CXCL12. 

Transcriptomic effects of rs7919208
We did not observe any association between rs7919208

and mRNA expression levels of CXCL12 in peripheral
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Table 1. Summary of included samples and studies.
Cohort                                Cases               Controls             Lambda          Genotyping                                Years of                  Control
                                                                                                                   chips                                     NHL diagnosis              inclusion criteria

SHCS                                           145                         1,090                       1.00               Illumina                                           2000 - 2017                    HIV < 2005, no cancer 
Age (median)                         61                            58                                                HumanOmniExpress-24,                                                      diagnosis as of 2017 & 
Sex (male, %)                       91%                         80%                                              Human1M, Human610,                                                         matched with age

                                                                                                                                            HumanHap550, 
                                                                                                                                            HumanCore-12                                                                       
ANRS                                      61                           562                        1.00               Illumina Human Omni5                2008 - 2015                    No cancer diagnosis
Age (median)                         50                            34                                                Exome 4v 1-2, 
Sex (male, %)                       89%                         87%                                              Illumina 300

MACS                                     72                           272                        1.01               Illumina 1MV1,                               1985 - 2013                    Matched to cases in 
Age (median)                         69                            68                                                Human1M-Duo,                                                                      terms of age, treatment &
Sex (male, %)                      100%                       100%                                             HumanHap550                                                                        time of infection

Cohort and patient characteristics for the Swiss HIV Cohort Study (SHCS), the Primo ANRS and ANRS CO16 Lymphovir cohorts (ANRS) and the Multicenter AIDS Cohort Study
(MACS) cohorts. Lambda indicates the genomic inflation factor from the individual cohort genome-wide association studies (GWAS). NHL: non-Hodgkin lymphoma; HIV: human
immunodeficiency virus.



blood or peripheral blood mononuclear cells (PBMC)
from multiple publicly available datasets, including
GTEx,37 GEUVADIS38 and the Milieu Intérieur
Consortium39 (Online Supplementary Figure S3). Of note,
CXCL12 expression levels were very low in all datasets
(Online Supplementary Figure S4A).
Using allele-specific expression analysis in the GTEx

dataset, we observed a significant effect in individuals
heterozygous of rs7919208, with increased allelic imbal-
ance of CXCL12 in fibroblasts (false discovery rate
adjusted P=0.0006, one-sided rank sum test), which was
not observed in other tissues (Online Supplementary
Figure 4B). 
HIV infection causes many profound transcriptomic

changes.40 Thus, in order to examine the effect of
rs7919208 on CXCL12 in the context of HIV infection, we

extracted RNA from PBMC of 452 individuals in the
SHCS with available genotyping data and sequenced
them using the Bulk RNA Barcoding and sequencing
(BRB-seq) approach.41 However, the expression levels of
CXCL12 were below the limit of detection for most indi-
viduals, preventing an expression quantitative trait loci
(eQTL) analysis. 
Multiple isoforms of CXCL12 exist, with variable

degrees of expression and potency described in the con-
text of HIV infection.42 We observed a single significant
correlation between rs7919208 and CXCL12 transcript
usage, which was restricted to visceral adipose tissue.
The presence of the rs7919208 minor allele was associat-
ed with higher relative expression of the longer and rarer
transcript isoform ENST00000374429.6 (Online
Supplementary Figure S5).
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Figure 1. Genome-wide association analysis. (A) Schematic of analysis pipeline. (B) Quantile-quantile plot of the observed -log10(P-value) (black dots, y-axis) vs. expect-
ed -log10(P-values) under the null hypothesis (red line) to check for any genomic inflation of the observed P-values. No genomic inflation is observed, with the genomic
inflation factor λ=0.99. (C) Manhattan plot of all obtained P-values for each variant included in the meta-analysis. The genome-wide threshold (P=5e-8) for signifi-
cance is marked by a dotted line. Only variants at the CXCL12 locus were found to be significant. 



No replication of susceptibility loci found in the 
general population
In order to assess whether the genetic contribution to

the risk of developing NHL is similar or distinct in the
HIV+ population compared to the general population, we
extracted the P-values of all variants found to be genome-
wide significant in previous GWAS performed in the gen-
eral population14,21–24,43 and compared them to our results.
We did not replicate any of the previously published
genome-wide associated variants, even at nominal signifi-
cance level (P<0.05), despite sufficient statistical power for
many of the variants, thus indicating that the genetic sus-
ceptibility of NHL is distinct between the HIV+ and the
general population (Online Supplemental Table S3). In order
to further examine this possibility, we tested whether the
NHL/HIV+ associated variant rs7919208 is associated

A

B

Figure 2. Fine mapping of genome-
wide significant hits with PAINTOR.
(A) The 99% credible set and poste-
rior probabilities of being the
causal variant. The genomic posi-
tions are listed on the x-axis.
Bottom tracks represent DNAase
and chromatin marks obtained
from GM12878 cells as well as
transcription factor binding site
(TFBS) from the Roadmap
Epigenomics Project and ENCODE
in the region. (B) Locus plot of the
associated variants, highlighting
the LD relationship, based on the
Swiss HIV Cohort Study cohort. The
top variant rs7919208 is marked
by a black diamond.

Table 2. Significant association with human immunodeficiency virus-related
non-Hodgkin lymphoma.
Chr           Pos                   SNP                Ref             Alt                  P            OR

10            44673557             rs7919208                A                   G                 4.77e-11        1.23
10            44677967           rs149399290              T                   C                 3.09e-08        1.20
10            44678218            rs17155463               T                   A                 3.09e-08        1.20
10            44678262            rs17155474               C                   T                 3.09e-08        1.20
10            44678454            rs17155478               T                   C                 3.09e-08        1.20
10            44678898            rs12249837              G                   A                 3.09e-08        1.20
10            44680902            rs10608969               T             TAAAGA           3.09e-08        1.20
Variants significantly associated with human immunodeficiency virus (HIV)-related non-
Hodgkin lymphoma in a weighted Z-score-based meta-analysis of all individuals included in
the Swiss HIV Cohort Study (SHCS), the Primo ANRS and ANRS CO16 Lymphovir cohorts
(ANRS) and the Multicenter AIDS Cohort Study (MACS) cohorts. Odds ratios (OR) were trans-
formed from betas using the formula OR=exp(beta). Chr: chromosome; pos: position; SNP: sin-
gle nucleotide polymorphisms; Ref: reference allele, Alt: alternative allele.
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Figure 3. Novel transcription factor binding site and long-range interactions. (A) Canonical motifs of BATF and JUND with the underlying genomic reference sequence
and the nucleotide change caused by rs7919208. (B) Promoter capture Hi-C analysis in the GM12878 cell line of the region with the predicted causal variant and
CXCL12. Variants and their level of association in the meta-analysis are marked in the inner grey circle. Genome-wide significant variants are colored green. Purple lines
indicate significant interactions between promoter and other genomic regions. (C) Topologically associating domains (TAD) in the GM12878 cell line in the region of
CXCL12. The yellow and blue boxes indicate the called TAD from the Hi-C contact map above. The plot is centered on rs7919208. DHS: DNase I hypersensitive sites.



with an increased risk of NHL in the general population.
We performed a series of case/control GWAS of four NHL
subtypes (CLL, DLBCL, FL and MZL) as well as a com-
bined GWAS with all NHL subtypes (Online Supplementary
Table S4; Online Supplementary Figure S6) and assessed the
association evidence at rs7919208. We found no associa-
tion between rs7919208 and any of the subtypes in the
general population, even at nominal significance.

Discussion

In this genome-wide analysis, including a total of 278
NHL HIV+ cases and 1,924 HIV+ controls from three
independent cohorts, we identified a novel NHL suscep-
tibility locus on chromosome 10 near the CXCL12 gene.
The strong signal observed in the meta-analysis was driv-
en by the associations detected in the SHCS and ANRS
cohorts and there was no evidence of association in the
MACS cohort. Notably, most NHL cases in the MACS
cohort date back to the pre-ART era, while only NHL
cases diagnosed after the year 2000 were included in the
SHCS and ANRS analyses. Conceivably, NHL occurring
in the early years of the HIV pandemic may have been
primarily driven by severe immunosuppression, which
could have obscured any influence of human genetic vari-
ation among the cases in the MACS sample. Precise phe-
notype definition is crucial in designing large-scale genet-
ic studies since any environmental noise tends to decrease
the likelihood of identifying potential genetic influences.
NHL is a relatively rare cancer even among HIV infect-

ed individuals, making it difficult to collect the large num-
bers of cases that would typically be included in contem-
porary genome-wide genetic studies. Indeed, a recent
study from the Data Collection on Adverse events of
Anti-HIV Drugs (D:A:D) group showed an NHL inci-
dence rate of 1.17/1,000 person-years of follow-up over
the past 15 years (392 new cases in >40,000 HIV+ individ-
uals).8 Still, we were able to obtain clinical and genetic
data from a total of 278 patients with confirmed NHL
diagnosis. By matching them with a larger number of
controls from the same cohorts, we had enough power to
identify associated variants of relatively large effects in
the CXCL12 region.  
Several groups have already suggested a potential role

for CXCL12 variation in HIV-related NHL. A prospective
study correlated increased CXCL12 expression with sub-
sequent NHL development in HIV+ children but not in
uninfected children.44 The number of A alleles at the
CXCL12-3’ variant (rs1801157) has also previously been
associated with an increased risk of developing HIV-relat-
ed NHL during an 11.7 year follow-up period.45 Thus, our
data further support the role of CXCL12 as a critical mod-
ulator of the individual risk of developing NHL in the
HIV+ population. 
The role of CXCL12 and its receptor chemokine recep-

tor 4 (CXCR4) in cancer in the general population is well
established, with the levels of CXCL12 and CXCR4 found
to be increased in multiple types of cancer and to be asso-
ciated with tumor progression.46,47 Furthermore, in vivo
inhibition of either CXCR4 or CXCL12 signaling is capa-
ble of disrupting early lymphoma development in severe
combined immunodeficient (SCID) mice transfused with
EBV+ PBMC.48 These results and others have already led
to the development and testing of several small molecules

targeting either CXCL12 or CXCR4 to inhibit tumor pro-
gression.46
We could not identify any significant relationship

between rs7919208 and the expression levels of CXCL12
in PBMC or EBV transformed lymphocytes. This could be
due to the low expression levels of CXCL12 in most tis-
sues, apart from stromal cells. Still, our analysis of allele-
specific expression showed a significant allelic imbalance
for heterozygous carriers of rs7919208 for CXCL12. This
signal was only observed in fibroblasts, the GTEx tissue
most closely resembling stromal cells. Furthermore, we
identified a significant association between rs7919208
and CXCL12 transcript isoform usage in the visceral adi-
pose tissue, which is known to also contain a minority of
stromal cells.49 Combined these results underscore the
potential importance of these cells in the development of
HIV-related NHL and the ability of rs7919208 to modify
transcription.
The new BATF and JUND binding site created by

rs7919208 could act as an induced or dynamic eQTL,
specifically triggered by HIV infection. Such eQTL can be
found in regions deprived of regulatory annotations, since
these have been mostly examined in static cell types.50
Supporting this hypothesis, HIV has been shown to
induce overexpression of BATF.51 This would explain why
rs7919208 is only a risk factor for HIV+ individuals and
not in the general population.
Previous analyses in the general population have discov-

ered both shared and distinct associations for NHL sub-
types.14,21–24,43 However, similar analyses were not possible
in our sample since NHL subtype information was not
available for many of our cases. Furthermore, information
on serostatus for relevant co-infections with EBV or other
oncogenic viruses was not available and could therefore
not be assessed. In particular, EBV has been largely associ-
ated with the development of NHL and other lymphomas
and is considered a driver of a subset of NHL in the general
population.52 Variants in the HLA region have consistently
been associated with all NHL subtypes in HIV uninfected
populations regardless of EBV serostatus, although differ-
ent HLA associations have been observed for each NHL
subtype. We did not find any evidence of HLA associations
in our analyses of HIV-related NHL. This might be due to
a lack of power, due to our limited sample size in compar-
ison to the NHL GWAS performed in the general popula-
tion. However, this lack of replication of HLA variants and
all other risk variants previously identified in the general
population strongly suggests that distinct genes or path-
ways influence susceptibility to NHL in the HIV+ popula-
tion compared to the general population.53 This distinction
may be due to the unique pathogenic mechanisms
involved in HIV-associated NHL, such as cytokine deregu-
lation, chronic antigen stimulation and impaired immune
response, among others.11
In summary, we have identified variants significantly

associated with the development of NHL in the HIV+
population. Fine mapping of the associated locus and sub-
sequent analyses of TAD, promoter capture Hi-C data as
well as deep-learning models of mutational effects on
transcription factor binding, points to a causative model
involving the gain of a BATF and JUND transcription
binding site downstream of CXCL12 capable of physical-
ly interacting with the CXCL12 promoter. These results
suggest an important modulating role of CXCL12 in the
development of HIV-related NHL. 
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The EBF1-PDGFRB T681I mutation is highly resistant
to imatinib and dasatinib in vitro and detectable in
clinical samples prior to treatment 

EBF1-PDGFRB accounts for 3% of cases of childhood
Philadelphia chromosome-like acute lymphoblastic
leukemia (Ph-like ALL),1 represents the most common
fusion gene in the Ph-like ABL-class subtype,2 and is
notoriously associated with high rates of induction fail-
ure.1-3 EBF1-PDGFRB fusions exhibited exquisite sensitiv-
ity to ABL tyrosine kinase inhibitors (TKI) in preclinical
models,3 and durable remissions have been reported in
patients harboring EBF1-PDGFRB when treated with
either imatinib or dasatinib.4 Collectively, these observa-
tions provide a compelling rationale for investigating the
incorporation of ABL TKI in combination with conven-
tional chemotherapy for Ph-like ABL-class ALL patients
in clinical trials. However, the emergence of kinase
domain (KD) mutations as the primary mechanism of
acquired resistance to TKI has been well described and
occurs in many adults with relapsed/refractory
Philadelphia chromosome-driven leukemias.5 The mech-
anisms of TKI resistance in Ph-like ABL-class ALL have
not been extensively studied, although we hypothesize
that similar resistance mechanisms may occur between
the two subsets. Hence, we sought to characterize the
spectrum of TKI-resistant KD mutations in EBF1-
PDGFRB Ph-like ALL as a mechanism of acquired resist-

ance by using a validated in vitro saturation mutagenesis
screen, as previously described.6
Among 245 imatinib-resistant and 416 dasatinib-resis-

tant colonies isolated from our in vitro screens, 233 (95%)
and 363 (87%) colonies, respectively, harbored a single
KD mutation. The predominant recurrent single KD
mutation was the gatekeeper T681I point mutation for
both imatinib (n=233/245, 95%) and dasatinib
(n=338/416, 81%). The next most common recurrent KD
mutation was N666S (n=18/416, 4%), which conferred
resistance to dasatinib only. The T681I mutation in 
EBF1-PDGFRB is analogous to the gatekeeper mutation
T315I in BCR-ABL1, while the N666S mutation is analo-
gous to the N676S mutation in FLT3-ITD.7 The full spec-
trum of KD mutations in EBF1-PDGFRB identified from
the in vitro saturation mutagenesis screens with imatinib
and dasatinib is reported in Online Supplementary Table
S1.
We then focused on the two most common KD muta-

tions to assess their proliferative properties and charac-
terize their biochemical resistance to the relevant TKI.
Introduction of EBF1-PDGFRB T681I and N666S mutant
isoforms into Ba/F3 cells rendered them independent of
interleukin-3, illustrating that the transforming capacity
of the EBF1-PDGFRB fusion gene is preserved in the pres-
ence of these mutations. In viability assays, the T681I
mutation was highly resistant to imatinib and dasatinib,
while the N666S mutation showed intermediate resist-
ance to dasatinib. The half maximal inhibitory concentra-
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Table 1. Clinical characteristics and outcomes of the 23 EBF1-PDGFRB patients with or without a subclonal T681I mutation at diagnosis, as
determined by droplet digital polymerase chain reaction.
ID#         Age at          WBC at             BM                CR                EOI            Relapse         Months           HSCT                          Status
             diagnosis      diagnosis      blasts (%)                            MRD (%)                           to relapse
               (years)          x109/L                                     

1                     3                     18.4                    95                    Yes                    >1                    No                                             Yes                       Alive (11.1 years)
2                    12                   114.3                   98                      IF                     >1                    BM                    12                    Yes              Died of disease (1.2 years)
3                    14                   419.8                   92                      IF                     >1                    No                                             Yes            Died in remission (1.2 years)
4                     7                     79.9                    85                      IF                     >1                    No                                             Yes            Died in remission (1.5 years)
5                    17                     396                     69                    Yes               0.1-0.99               CNS                    27                     No                         Alive (7.4 years)
6*                  17                    13.4                    96                    Yes                    >1                    BM                    28                    Yes                        Alive (6.8 years)
7                    12                    32.5                    89                    Yes                    >1                    BM                    32                    Yes                        Alive (6.8 years)
8                    19                    54.8                    97                      IF                     >1                    No                                             Yes                        Alive (6.2 years)
9                    14                    41.7                    90               Unknown              >1                    No                                             Yes                        Alive (6.0 years)
10                  11                    28.2                    85                      IF                     >1                    No                                             Yes                        Alive (5.2 years)
11                   6                     80.7                    91                      IF                     >1                    No                                             Yes                        Alive (5.6 years)
12                  14                     3.3                     90               Unknown        Unknown              No                                              No                Induction death (19 days)
13                   9                       39                      74                      IF                     >1                    No                                             Yes                        Alive (5.0 years)
14                   6                      212                     98                    Yes              Unknown         BM/CNS                31                     No               Died of disease (5.0 years)
15                  12                      17                      68                    Yes              Unknown              No                                              No                         Alive (7.6 years)
16*                12                       5                Unknown              Yes              Unknown              BM                    39                     No                         Alive (7.4 years)
17                   4                       49                      95                    Yes                  >0.1                   No                                              No                         Alive (7.5 years)
18                  19                       8                       99                    Yes                   >10                  CNS                    40                     No                         Alive (6.8 years)
19                  18                       3                Unknown              Yes                   >10                   No                                             Yes                        Alive (5.2 years)
20*                14                      26                      94                    Yes                   >10                   BM                    18                     No               Died of disease (1.8 years)
21                   8                       34                      99                    Yes                   >10                   BM                    50                     No                         Alive (3.8 years)
22                  16                      68                      95               Unknown            >0.01                  No                                              No            Died in remission (4 months)
23                  16                     102                     72                      IF                    >10                   No                                              No              Died of disease (3 months)
ID#: identification number; WBC: white blood cell; BM: bone marrow; CR: complete remission defined as M1 marrow or <5% blasts on microscopic assessment; EOI MRD:
end of induction minimal residual disease; HSCT: hematopoietic stem cell transplantation; IF: induction failure; CNS: central nervous system, *patients with subclonal T681I 
mutation.
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tion (IC50) values for wild-type EBF1-PDGFRBwere 15.74
nM, 5.26 nM and 5.73 nM for imatinib, dasatinib and
ponatinib, respectively. The IC50 values for the EBF1-
PDGFRB T681I mutant isoform were 602.5 nM and
23.93 nM for imatinib and ponatinib, respectively, while
the IC50 was not reached with the highest concentration
of dasatinib used. Moreover, phosphorylation of STAT5
was not abrogated by dasatinib in Ba/F3 constructs har-
boring the T681I EBF1-PDGFRB compared to wild-type
EBF1-PDGFRB (Figure 1). 
To understand the molecular mechanism of TKI resist-

ance from KD mutations, we modeled the wild-type and
mutant structures of PDGFRB in relationship with the
relevant TKI. Co-crystal structure analysis of the T681I
mutation demonstrated that substitution from a threo-
nine to the bulkier hydrophobic isoleucine at the gate-
keeper position leads to steric incompatibility between
the ligand and the pocket, thus preventing dasatinib from
binding both the active and inactive kinase conforma-
tions. As for the N666S substitution, the PDGFRB N666S
model demonstrated that the mutation likely disrupts a
network of stabilizing hydrogen bonds, which might
have long-range effects on the conformation of the ATP
binding pocket (Online Supplementary Figure S1). 

We then hypothesized that KD mutations might be
present at very low levels at diagnosis in patients with
EBF1-PDGFRB when assessed by more sensitive tech-
nologies and emerge as the dominant clone at relapse
under the selective pressure of therapy, as suggested by a
few adult studies.8,9 We designed a droplet digital poly-
merase chain reaction (ddPCR) assay to identify the
T681I mutation in patients’ diagnostic samples prior to
any exposure to a TKI. Among the 23 diagnostic EBF1-
PDGFRB patients’ samples we analyzed, the gatekeeper
T681I mutation was identified in 13% (n=3/23) by our
ddPCR assay (Figure 2). This cohort comprised 13
patients enrolled on the Children’s Oncology Group ALL
trials (AALL0232: n=1, AALL1131: n=12) and ten
patients on United Kingdom ALL trials (UK ALL 97/99:
n=3, UK ALL 2003: n=7) (Table 1). The median age of the
entire cohort was 12 years (range, 8-16), and the median
white blood cell count at diagnosis was 39.0 (17-80.7) x
109 cells/L. The median duration of follow-up was 60 (14-
81) months. None of the patients was treated with TKI.
Baseline characteristics, leukemia response and clinical
outcomes among the three EBF1-PDGFRB patients with
subclonal T681I mutation detected by ddPCR at diagno-
sis were not significantly different from those of the 20
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Figure 1. In vitro mutational screen of EBF1-PDGFRB reveals kinase domain mutations causing varying degrees of resistance to imatinib and dasatinib. (A)
The proportion of T681I and N666S kinase domain mutations identified in EBF1-PDGFRB in vitro screens to different concentrations of imatinib and dasatinib.
(B) Proliferation assays demonstrating the cytokine-independent proliferation of wild-type and mutant EBF1-PDGFRB Ba/F3 cells. (C) Drug-sensitivity profiles of
Ba/F3 cells harboring wild-type and mutant EBF1-PDGFRB in response to imatinib, dasatinib and ponatinib. (D) Phosphorylation of STAT5 is elevated at basal
in Ba/F3 cells harboring EBF1-PDGFRB and can be inhibited in wild-type but not mutant EBF1-PDGFRB in response to dasatinib. E-P: EBF1-PDGFRB; EV: empty
vector; IL3: interleukin-3: WT: wild-type; pSTAT5: phosphorylated STAT5. 

  A                                                                               B
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patients without a subclonal T681I mutation, although
there was a trend towards a higher likelihood of relapse
in the T681I-positive group versus the T681I-negative
group (100% vs. 35%; P=0.0678) (Online Supplementary
Table S2). 
To the best of our knowledge, our study is the first to

report that KD mutations represent a potential mecha-
nism of acquired resistance in children with EBF1-
PDGFRB Ph-like ALL. The gatekeeper T6811 mutation
was the predominant KD mutation in our in vitro screens
which was resistant to both imatinib and dasatinib, but
could be rescued by ponatinib as predicted. The paucity
of KD mutations in EBF1-PDGFRB recovered in the dasa-
tinib mutational screen was similar to that in other BCR-
ABL1 mutational screens, since dasatinib is active against
most imatinib-resistant KD mutations.10 However, to our
surprise, the gatekeeper mutation was the only KD muta-
tion in EBF1-PDGFRB retrieved in the imatinib mutation-
al screen, while over 90 imatinib-resistant KD mutations
have been reported with BCR-ABL1.11 This finding could
be explained by the higher dose that was used in our
screen compared to previous reports, but it is also known
that imatinib is much more potent in PDGFR family
fusions than in the BCR-ABL1 fusion. The IC50 of ima-
tinib for EBF1-PDGFRB in our hands was 15.74 nM,
while Cools et al. reported that the IC50 of imatinib for
cells expressing FIP1L1-PDGFRA was 3.2 nM, whereas
the IC50 for BCR-ABL1 was 582 nM.12 Thus, mutations
that impart a modest degree of imatinib resistance may
not have been detected by our screens.
The analogous N666S mutation has not been previous-

ly reported in BCR-ABL1 in vitro screens with either ima-
tinib or dasatinib. However, the residue N666 in EBF1-
PDGFRB is adjacent to its analogous residue V299 in
BCR-ABL1, which represents the third most common

contact residue where KD mutations to dasatinib arise,
after T315 and F317 amino acid residues.10 Smith et al.
identified the N676S mutation in FLT3-ITD in their in
vitro mutagenesis screen with the FLT3 inhibitor
PLX3997, but only N676K/T mutations rather than
N676S were isolated from adult acute myeloid leukemia
patients with acquired clinical resistance to PLX3997.7

Moreover, FLT3 N676K mutations have been identified
in core-binding factor leukemia at diagnosis and may rep-
resent a cooperating mutation in leukemogenesis. The
FLT3 N676K mutant alone can induce cytokine-indepen-
dent growth in Ba/F3 cells and confer resistance to FLT3
inhibitors.13

In contrast to the report by Zhang et al.,14 our EBF1-
PDGFRB in vitro saturation mutagenesis screen did not
identify the C843G KD mutation that was seen in
AGGF1-PDGFRB Ph-like ALL. In their experiments, the
reported IC50 of AGGF1-PDGFRB C843G and EBF1-
PDGFRB C843G to dasatinib was 0.78 nM and 0.121
nM, respectively. Thus, we may not recover this mutant
in our screens even at 25 nM of dasatinib, the lowest
dasatinib concentration used in our screen, which is more
than 200-fold above the measured IC50 of EBF1-PDGFRB
C843G. 
The detection of drug-resistant KD mutations at diag-

nosis has been reported in 21% to 40% of cases of TKI-
naïve chronic myelogenous leukemia with advanced dis-
ease and in Ph+ ALL samples.8,15 The frequency of T315I
mutation at diagnosis ranges from 12.5% to 17%,15

which is in keeping with the frequency of the analogous
gatekeeper T681I mutation in our cohort of 
EBF1-PDGFRB patients. Nevertheless, the clinical and
prognostic significance of pre-existing KD mutation
detected by sensitive technologies prior to TKI remains
unclear. Willis et al. showed that mutation detection at
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Figure 2. Droplet digital polymerase chain reaction can detect subclonal T681I mutation in clinical samples at diagnosis. Droplet digital polymerase chain
reaction (ddPCR) experiments including positive T681I, wild-type and no template controls in the left panel. In the right panel, three EBF1-PDGFRB patients were
found to have subclonal T681I mutationd at diagnosis by ddPCR. Patient #1 had four droplets containing the mutant T681I out of 20,879 total generated
droplets (0.019%); Patient #2 had three positive droplets out of  17,987 generated (0.017%) and patient #3 had five positive droplets out of 22,799 generated
(0.022%). 
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low levels by allele-specific oligonucleotide polymerase
chain reaction does not invariably predict relapse, or have
a negative impact on cytogenetic response or event-free
survival.15 Patients with subclonal T681I mutations
detected by ddPCR at diagnosis had a trend towards
increased risk of relapse compared to the T681I-negative
subgroup; however, these analyses were hindered by
small numbers of patients and should be validated in
larger cohorts of uniformly treated patients. Furthermore,
confirmation of the T681I mutation in relapsed samples
would be essential in future studies to validate that
relapse was driven by the clonal expansion of drug-resis-
tant mutations under the selective pressure of TKI thera-
py. However, none of our 23 patients was treated with
TKI and relapse samples after TKI treatment were not
available for testing. 
In conclusion, KD point mutations represent a poten-

tial mechanism of acquired resistance in EBF1-PDGFRB
Ph-like ALL. The T681I gatekeeper KD mutation was the
most common KD mutation in EBF1-PDGFRB Ph-like
ALL that was resistant to both imatinib and dasatinib,
and could be identified in clinical samples at diagnosis by
ddPCR. Validation of our in vitro saturation mutagenesis
screens would be important in future clinical trials of Ph-
like ALL and concerted efforts should focus on exploring
novel therapies targeting the T681I KD mutation.
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The TRPV2 channel mediates Ca2+ influx and the 
Δ9-THC-dependent decrease in osmotic fragility in
red blood cells

Water and ionic homeostasis of red blood cells (RBC) is
regulated by various active and passive transport mecha-
nisms in the RBC membrane, including channels like aqua-
porins,1 the mechanically activated non-selective cation
channel Piezo12 and the Ca2+-activated potassium channel
KCa3.1.3 The human genome contains 27 genes that code
for transient receptor potential (TRP) channels. The only
TRP channel protein that has been detected in circulating
mouse RBC is TRPC6,4 which might be associated with
basal  Ca2+ leakage and stress-stimulated  Ca2+ entry.4
TRPC2 and TRPC3 are expressed by murine erythroid pre-
cursors and splenic erythroblasts, and in these cells, ery-
thropoietin stimulates an increase in intracellular calcium
concentration via TRPC2 and TRPC3.5 In this study we
identified the TRP vanilloid (TRPV) 2 channel protein in
mouse and human RBC by specific antibodies and mass
spectrometry. TRPV2-dependent currents and Ca2+ entry
were activated by the TRPV2 agonists cannabidiol (CBD)
and Δ9-tetrahydrocannabinol (Δ9-THC)6 resulting in a left-
shift of the hypotonicity-dependent hemolysis curve. This
effect was reversed in the presence of the KCa3.1 inhibitor
TRAM-34, whereas the knockout of Trpv2 right-shifted
the hemolysis curve to higher tonicities.
We separated mouse RBC from other blood cells by cen-

trifugation and analyzed protein lysates by nanoflow liq-
uid chromatography tandem mass spectrometry (nano-
LC-MS/MS). The identified proteins included TRPV2
(Online Supplementary Figure S1A). To enrich the TRPV2
protein we generated an antibody which recognizes the
TRPV2 protein in RBC from wild-type (WT) animals but
not in RBC from Trpv2 gene-deficient (KO) mice (Figure
1A). As an additional control, we used anti-TRPC6 anti-
body and identified TRPC6 in RBC (Figure 1B). Total elu-
ates of anti-mTRPV2 affinity purifications from RBC mem-
branes of WT mice were analyzed by nano-LC-MS/MS,
which retrieved peptides covering 54% of the accessible
TRPV2 primary sequence (Online Supplementary Figure
S1B).
To obtain a more comprehensive protein profile, we

lysed WT and Trpv2-KO RBC, extracted the proteins, and
measured the resulting tryptic peptides by nano-LC-
MS/MS. A total of 1,450 proteins were identified (Online
Supplementary Figure S1E), with TRPV2 present in all WT
samples. Eighty-seven of the identified proteins were
detected exclusively or with more than a 2-fold increase in
WT RBC, while 13 proteins were detected with more than
a 2-fold increase in Trpv2-KO RBC (Figure 1C, Online
Supplementary Figure S1F) by semiquantitative exponen-
tially modified protein abundance index (emPAI) analysis.
Next, we evaluated the frequency of the identified pro-
teins by spectral counting and normalized the data to band
3 (Figure 1D). TRPV2 ranked at position 560, about 0.4%
of band 3, 50% and 84% less than ferroportin and Piezo1,
respectively. In addition to TRPV2 and Piezo1, other chan-
nels such as aquaporin1 and transmembrane channel like
8 (Online Supplementary Figure S1D) were identified. The
KCa3.1 protein, on the other hand, seemed to be much
less abundant, as we could identify only one KCa3.1 pep-
tide in our experiments, which was below the threshold
for unambiguous protein identification.
According to the proteomic profiling, Piezo1 and aqua-

porin1 proteins were present in equal amounts in murine
RBC from Trpv2-KO and WT animals. In contrast, several
proteins that affect ion and fluid homeostasis were signif-

icantly less abundant in Trpv2-KO RBC, including the
STE20-like- and the WNK1-serine/threonine protein
kinases SLK (in humans also dubbed SPAK) and WNK1
(Figure 1C). Both kinases regulate the Na+-K+-Cl– sym-
porter NKCC1 present in the erythrocyte membrane,
resulting in the flux of NaCl and KCl into the cell with sub-
sequent rehydration.7 This mechanism would be attenuat-
ed in Trpv2-KO RBC with decreased WNK1, similar to
renal cells that are also equipped with NKCC1 and WNK1
and in which WNK1 is inhibited under hypotonic condi-
tions. Likewise, the significantly reduced amount of the
casein kinase II (CKII)-α subunit (CSK21) in Trpv2-KO
RBC (Figure 1C) could be part of mechanisms that com-
pensate for the absence of TRPV2, as pharmacological
inhibition of CKII-α causes shrinkage of RBC.8
Hematologic parameters from blood of Trpv2-KO and

WT animals (Figure 1E), were not significantly different.
However, when RBC were exposed to hypotonic solu-
tions, keeping extracellular [Ca2+] at 76 mM, hemolysis of
Trpv2-KO RBC occurred at higher tonicity (Figure 1F). The
relative tonicity at half maximal lysis (C50) (Figure 1G) was
49.19±0.62 (WT, n=5) and 53.7±0.68 (Trpv2-KO, n=5;
P<0.0001). 
To isolate TRPV2 currents from murine RBC we applied

the non-specific TRPV2 agonist 2-APB. Inward and out-
ward currents with the outwardly rectifying current-volt-
age (IV) relationship typical of TRPV2 currents were
recorded by whole cell patch-clamping (Figure 2A, B) or by
a miniaturized patch system (Figure 2C, D). A fraction of
these 2-APB-induced currents was blocked by ruthenium
red. Similar, but much larger currents were recorded from
COS-7 cells, which overexpress the murine Trpv2 cDNA
(Online Supplementary Figure S2E). Upon application of 2-
APB, cytoplasmic [Ca2+] increased in WT RBC (Online
Supplementary Figure S2A). The Ca2+ increase was blocked
in the presence of ruthenium red but could also be induced
in Trpv2-KO RBC (Online Supplementary Figure S2B-D). 2-
APB blocks TRPC6 and KCa3.1 present in RBC and acts
on additional targets.9 Thereby it may affect the RBC
membrane potential and Ca2+-signaling pathways inde-
pendently of TRPV2 during monitoring cytoplasmic Ca2+.
As shown in COS-7 cells (Online Supplementary Figures
S2E-I and S3A), which do not endogenously express
TRPC6 or KCa3.1, the 2-APB-induced increase in cytosolic
Ca2+ and plasma membrane currents required the presence
of overexpressed mouse or human TRPV2. We therefore
applied the more specific TRPV2 agonist Δ9-THC, which
elicited Ca2+ influx in WT RBC; this influx was significant-
ly reduced in Trpv2-KO RBC (Figure 2E, F) indicating that
part of the Ca2+  increase was mediated by TRPV2. The
antagonists of the G protein-coupled cannabinoid recep-
tors type 1 (CB1) and type 2 (CB2), AM251 (AM) and
JTE907 (JTE), had no effect on the Δ9-THC-elicited Ca2+-
response in WT RBC (Figure 2G, H), demonstrating that
TRPV2 mediates a significant fraction of THC-elicited Ca2+
influx and that the action of THC on TRPV2 is direct, and
not mediated by CB1 or CB2 receptors.
The primary sequences of human and mouse TRPV2 are

80.4% identical, but the antibody against mTRPV2 does
not recognize the hTRPV2 protein. We therefore generat-
ed an antibody that recognizes the hTRPV2 protein by
western blot (Figure 3A). Next, total eluates of anti-
hTRPV2 affinity purifications from RBC membranes were
analyzed by nano-LC-MS/MS that retrieved peptides cov-
ering 54.8% of the hTRPV2 primary sequence (Online
Supplementary Figure S1G). In similar experiments but with
an antibody for hTRPC6, TRPC6 was not detectable in
human RBC by either western blot or nano-LC-MS/MS.
The cannabinoid TRPV2 agonists CBD and Δ9-THC
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elicited Ca2+ influx in human RBC (Figure 3B-D). Inward
and outward currents with the outward rectifying IV rela-
tion were obtained by patch clamp recordings from
human RBC after application of Δ9-THC (Figure 3E-G).
Although the currents obtained from human RBC have a
small amplitude, their IV match the TRPV2 current signa-
ture obtained from COS-7 overexpressing human TRPV2
cDNA upon application of Δ9-THC or CBD (Online
Supplementary Figure S3B, C). 
Assessment by confocal microscopy revealed that

95.3±2.4% of the human RBC had a biconcave disc-
shaped form. Adding CBD or Δ9-THC shifted the mor-
phology of these biconcave discocytes to concave RBC,
the stomatocytes, which in the presence of CBD and 
Δ9-THC make up 92.7±1.3% (CBD) and 66.3±17.1%
(THC) of the total RBC, the remaining cells being disco-

cytes and more spherical-shaped spherocytes (Figure 3H,
I). The TRPV2 agonist-induced shape change of the RBC
was maintained in the presence of the CB1 and CB2 antag-
onists (Online Supplementary Figure S3D, E), indicating that
the major fraction of the cannabinoids’ effect on RBC mor-
phology is mediated by TRPV2. After addition of Δ9-THC,
human RBC showed reduced osmotic fragility, as demon-
strated by the left-shifted hemolysis curve in response to
the hypotonicity challenge, independently of whether
cannabinoid receptor antagonists were absent or present
(Figure 3J, K). Similarly, but to a lesser extent, Δ9-THC
shifts the C50 value after treating WT murine RBC to lower
tonicities (C50, in the absence, 49.05±1.53, and in the pres-
ence of Δ9-THC, 46.08±1.55). This effect was reversed by
pretreatment with the KCa3.1 antagonist TRAM-34, in
the presence of 76 mM (Online Supplementary Figure S3F, G)
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Figure 1. TRPV2 protein in mouse red blood cells. (A, B) Western blot of wild-type, Trpv2 knockout (KO) (A) and Trpc6 KO (B) red blood cell (RBC) proteins, using
antibodies against mouse TRPV2, TRPC6 and b-actin. (C) Semi-quantitative analysis of differentially expressed proteins identified by mass spectrometry in wild-
type and Trpv2 KO RBC lysates. Up- and down-regulated proteins were identified based on at least 2-fold changes with a P-value <0.05, calculated by an
unpaired two-tailed Student t test. The heatmap shows the Z-scores of the exponentially modified protein abundance index (emPAI) values of mass spectrometry
measurements of five independent wild-type and four independent Trpv2 KO samples. (D) Relative abundance of the TRPV2 protein compared to that of the
1,450 proteins identified in mouse erythrocyte membrane fractions. Rank represents the order of the identified protein obtained by spectral counting with the
P-value calculated by an unpaired Student t test. NA, not applicable. (E) Hematologic parameters of the blood from wild-type and Trpv2 KO. RBC: red blood cell;
HGB: hemoglobin; HCT: hematocrit; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin; MCHC: mean corpuscular hemoglobin concentration;
RDW: red cell distribution width with P-value calculated by an unpaired two-tailed Student t test. (F) Hemolysis (%) of RBC collected from wild-type (black) and
Trpv2 KO mice (red) in buffer A (149 mM NaCl, 2 mM CaCl2, 4 mM KCl, 2 mM HEPES, pH7.4), diluted 26-fold in buffer B (0-149 mM NaCl, 2 mM HEPES, pH 7.4)
as indicated; extracellular [Ca2+] was kept at ~76 mM. (G) Tonicity at which 50% lysis occurred (C50), calculated by sigmoidal fitting from experiments in (F). Single
values and mean ± standard error of mean from five independent experiments performed in triplicate are shown with the P-value calculated by an unpaired two-
tailed Student t test. 
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Figure 2. TRPV2 function in mouse red blood cells. (A-D) In- and outward currents at -80 and +80 mV shown as mean ± standard error of mean (SEM), recorded
from mouse red blood cells (RBC) using a patch pipette (A) or a miniaturized patch clamp system (port-a-patch) (C) plotted versus time (number of cells in brack-
ets). TRPV2 currents were activated by the application of 2-APB (black line) in the absence and presence of 10 mM ruthenium red (RR, blue line) with the cor-
responding current-voltage relationships (IV) at the peak net currents (Imax net), shown as mean ± SEM in (B) and (D). Patch pipette resistances were 10 - 15
MΩ when filled with standard internal solution (in mM): 120 Cs-glutamate, 8 NaCl, 1 MgCl2, 10 HEPES, 10 1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic
acid tetracesium salt (Cs-BAPTA), 3.1 CaCl2 (100 nM free Ca2+, calculated with WebMaxC), pH7.2 with CsOH. Standard external solution contained (in mM): 140
NaCl, 2 MgCl2, 1 CaCl2, 10 HEPES, 10 glucose, pH 7.2 with NaOH. For experiments with the miniaturized patch system, the intracellular solution contained (in
mM): 60 Cs-methansulfonate, 8 NaCl, 1 MgCl2, 3.1 CaCl2, 60 CsF, 10 HEPES, 10 BAPTA (100 nM free Ca2+, calculated with WebMaxC), 10 glucose, pH 7.2 with
CsOH and the extracellular solution contained (in mM): 140 NaCl, 2 MgCl2, 1.35 CaCl2, 10 HEPES, 10 glucose, pH 7.2 with NaOH. (E, G) Mean Fluo-4 fluores-
cence (F/F0) traces showing changes in the cytosolic [Ca2+] of RBC isolated from wild-type (black) and Trpv2 KO mice (red) in the absence (E) and presence (G,
blue) of the CB1/CB2-receptor antagonists AM251 and JTE907 (100 nM each), challenged by the application of 30 mM Δ9-tetrahydrocannabinol (Δ9-THC, line).
Ca2+-imaging measurements were performed in the presence of a Tyrode solution (in mM): 135 NaCl, 5.4 KCl, 1 MgCl2, 10 HEPES, 10 glucose, and 1.8 CaCl2,
pH 7.35; RBC were loaded with 5 µM Fluo-4 and the fluorescence was excited at 488 nm every 3 seconds with the emitted fluorescence detected at >515 nm.
(F, H) Summary of peak amplitudes from (E) and (G) shown as mean ± SEM with P-values calculated by the unpaired two-tailed Student t test (ns, not significant).
Numbers of measured cells (x) within (y) independent experiments are indicated in brackets and bars.
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or 2 mM extracellular Ca2+ (Figure 3L, M). The data indi-
cate that TRPV2, like Piezo1 and, maybe TRPC6, enables
an influx of cations including Ca2+. The increase of intra-
cellular Ca2+ by TRPV2 activates KCa3.1 which allows K+

efflux, resulting in the shift of the hemolysis curve. This
shift does not occur in the presence of the KCa3.1 antago-
nist TRAM-34 (Figure 3L-N). 
Stabilization of the RBC membrane against hypotonic

hemolysis by Δ9-THC and CBD has been described10 and
it has been shown that in the presence of Δ9-THC at con-
centrations of >15 mM almost all RBC assume a stomato-
cyte-like concave shape.11 Some of those results were
attributed to interactions between the hydrophobic, natu-
rally occurring cannabinoids and the membrane lipids of
the RBC. However, membrane partitioning experiments,
electron spin resonance spectrometry and experiments
with artificial liposomes of different compositions which
were tested for the release of trapped markers in the pres-
ence of Δ9-THC, suggested additional mechanisms.12-14
The data described in our study point to TRPV2 being a

specific molecular target for Δ9-THC and CBD in RBC.
Activation of the TRPV2 channel by the compounds pres-
ent in the Cannabis sativa plant makes RBC more resistant
to lysis in response to hypotonic solutions. Whether our
data explain why hemp products have been used in folk
medicine to treat malaria since ancient times15 needs to be
shown by further studies.
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Figure 3. TRPV2 protein and function in human red blood cells. (A) Western blot of protein lysates of COS-7 cells transfected with human TRPV2 cDNA, the cDNA
of green fluorescent protein (GFP) as a control, and human red blood cells (RBC) using anti-human TRPV2. (B, C) Representative traces of cytosolic Ca2+ changes,
detected as Fluo-4 fluorescence (F/F0), in human RBC challenged by the application of 100 mM cannabidiol (CBD) (B) or 30 mM Δ9-tetrahydrocannabinol (Δ9-
THC) (C). (D) Summary of the peak amplitudes in (B) and (C) as mean ± standard error of mean (SEM) (78 and 82 cells measured in 3 independent experiments
each). (E) In- and outward currents at -80 and +80 mV in the absence and presence of Δ9-THC (black line) recorded from human RBC and plotted versus time.
The corresponding current-voltage relationships (IV) of the basic current (Imin) and the peak net current in Δ9-THC (Imax net) are depicted in (F) and (G). Data are
shown as mean ± SEM (number of cells indicated in brackets). (H) Confocal microscopic images of human RBC not treated (control, left) or treated with 
100 mM cannabidiol (CBD, middle) or 30 mM Δ9-THC (right). (I) Bar graphs showing the percentage of discocytes (black), stomatocytes (red) and spherocytes
(blue) as mean ± SEM, from three independent healthy donors, treated as in (H), with P-values calculated by one-way analysis of variance (ANOVA), followed by
the Bonferroni multiple comparison. The classification was done with 3-D stacks of confocal images. (J) Hemolysis (%) of human RBC treated with the vehicle
(control, black), 30 mM Δ9-THC (gray open circle) or 30 mM Δ9-THC in the presence of 100 nM CB1- and CB2-receptor antagonists AM251 and JTE907 (Δ9-THC
+ AM + JTE, blue) plotted versus the extracellular NaCl concentration (mM) and respective tonicity (%), with extracellular [Ca2+] kept at 76 mM as described in
Figure 1F. (K) Tonicity at which 50% lysis occurred (C50), calculated by sigmoidal fitting of the individual experiments in (J). (L) Hemolysis (%) of human RBC in
buffer A (149 mM NaCl, 2 mM CaCl2, 4 mM KCl, 2 mM HEPES, pH 7.4), treated with vehicle (control, black), 30 mM Δ9-THC (gray open circle), 2 mM TRAM-34
(green) or 30 mM Δ9-THC plus TRAM-34 (red) for 30 min, after 26-fold dilution in buffer B (0-149 mM NaCl, 2 mM CaCl2, 4 mM KCl, 2 mM HEPES, pH 7.4); extra-
cellular [Ca2+] was kept at 2 mM. (M) Tonicity at which 50% lysis occurred (C50), calculated by sigmoidal fitting of the individual experiments in (L). Data in (K)
and (M) are shown as means ± SEM from two independent experiments performed in triplicate with the P-value calculated by one-way ANOVA, followed by the
Bonferroni multiple comparison. (N) Working model for how TRPV2, activated by Δ9-THC, modulates the TRAM-34 sensitive KCa3.1 activity in a human RBC.
Note that TRPC6 was not detectable in human RBC.
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Rationale for the combination of venetoclax and
ibrutinib in T-prolymphocytic leukemia

T-prolymphocytic leukemia (T-PLL) is an aggressive
mature T-cell neoplasm that responds poorly to conven-
tional chemotherapy and has a dismal outcome.1 Patients
with active T-PLL present with an exponential rise of
post-thymic T cells with prolymphocytic morphology,
hepatosplenomegaly, skin rash, lymphadenopathy, and
effusions.1 T-PLL cells commonly demonstrate rearrange-
ments involving T-cell leukemia/lymphoma 1 (TCL1)
family genes TCL1A, MTCP1 (mature T-cell prolifera-
tion), or TCL1B as molecular hallmarks.2 The anti-CD52
antibody alemtuzumab has improved initial responses up
to 90%; however, nearly all cases eventually relapse, and
allogeneic stem cell transplantation remains the only cur-
ative treatment option for a small subset of patients.3

Recently, we and others have demonstrated in vitro
activity and clinical efficacy of the Bcl-2 inhibitor veneto-
clax as a single agent in relapsed/refractory T-PLL (r/r-T-
PLL).4,5 Since clinical responses were transient, we set out
to identify effective combination partners for venetoclax.
We probed putative mechanisms and demonstrated clin-
ical feasibility and activity of a putative combination by
treating two patients with active, r/r-T-PLL.
We employed combinatorial drug screening to identify

synergistic combination partners to enhance the efficacy
of venetoclax in T-PLL patients. Twenty-four candidate
compounds were selected based on their clinical approval
status, literature data, and mechanisms of drug action.
Venetoclax was used in pairwise combinations (Figure
1A) in primary T-PLL samples with a mean post-thawing
viability of 93% and mean purity of 94% (Table 1). Drug
screening was performed as previously described.4 Here
ibrutinib demonstrated the strongest synergism with
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Table 1. Characteristics of patients included in the high throughput combinatorial drugs screen. Overview of clinical and molecular 
characteristics as well as sample quality information for patients included in the combinatorial drug screen. 
Patient   Sex    Age  Cytogenetics                                     FISH                                 TCL1A-expression       Consensus Dx            Tumor         Post
ID                                                                                                                                                                                              cell content  thawing
                                                                                                                                                                                                          (%)       viability (%)

1                  M       73        Complex            44,XY,-18,-22,der(6),t(6;22)(p?;q?),idic(6p?),            Negative         TCL1 positive T-PLL:         93                  89
                                            karyotype     idic(8)(q11),del(11)(q14),der(12),t(12;22)(q?;q?),                                        WBC >5x109/L, 
                                                                      der(13), t(13;14)(q?;q?),dup(15)(q22),der(15),                                     TCL1 rearrangement, 
                                                                                              t(15;18)(q?;q?)[cp5];                                                               complex karyotype, 
                                                                                              TCL1A rearrangement                                                              TCR rearrangement
2                   F        58        Complex                                                  NA                                                   Negative        TCL1 negative T-PLL:        98                  95
                                            karyotype                                                                                                                                            WBC >5x109/L, 
                                                                                                                                                                                                     complex karyotype, 
                                                                                                                                                                                                    TCR-rearrangement                                      
3                  M       41        Complex                                                  NA                                                    Positive         TCL1 positive T-PLL:       >90                95
                                            karyotype                                                                                                                                            WBC >5x109/L, 
                                                                                                                                                                                                       TCL1 expression, 
                                                                                                                                                                                                     complex karyotype, 
                                                                                                                                                                                                     TCR rearrangement
4                  M       76              NA                                      TCL1A rearrangement                                 Negative         TCL1 positive T-PLL:         93                  96
                                                                                                                                                                                                         WBC > 5x109/L,  
                                                                                                                                                                                                   TCL1 rearrangement, 
                                                                                                                                                                                                    TCR rearrangement, 
                                                                                                                                                                                                  splenomegaly, effusion
5                   F        81        Complex                                   TP53_del MYB_del                                    Negative        TCL1 negative T-PLL:        98                  NA
                                            karyotype                                                                                                                                           WBC > 5x109/L, 
                                                                                                                                                                                                     complex karyotype, 
                                                                                                                                                                                                    TCR-rearrangement                                      
6                   F        67          Normal                                  TCL1A rearrangement                                 Positive         TCL1 positive T-PLL:         99                  89
                                                                                                ATM_del MYC_amp                                                                     WBC >5x109/L, 
                                                                                                                                                                                                   TCL1 rearrangement, 
                                                                                                                                                                                                    TCR rearrangement, 
                                                                                                                                                                                              trisomy 8, ATM abnormality
7                  M       64              NA                                      TLC1A rearrangement                                  Positive         TCL1 positive T-PLL:          90                  NA
                                                                                                                                                                                                        WBC > 5x109/L,  
                                                                                                                                                                                                   TCL1 rearrangement, 
                                                                                                                                                                                                    TCR rearrangement, 
                                                                                                                                                                                                               effusion                                                 
M: male; F: female; FISH: fluorescence in situ hybridization; WBC: white blood cell count; TCR: T-cell receptor; NA: not available.
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venetoclax, whereas cisplatin appeared the most antago-
nistic (Figure 1B and C, Online Supplementary Figure S1B).
The activity of ibrutinib as a single agent was very mod-
est (Online Supplementary Figure S1A and B), consistent
with previous reports.6 In addition, independent annexin
V/Hoechst assays of primary T-PLL cells on NK-Tert stro-
mal support demonstrated modest single-agent activity
of ibrutinib (Figure 1D, Online Supplementary Figure S2A).
Moreover, selective inhibition of Bruton tyrosine kinase
(BTK) by acalabrutinib had no effect on viability (Figure
1D). In contrast, ibrutinib has substantial inhibitory activ-
ity on the intracellular mediator of T-cell receptor signal-
ing IL-2-inducible T-cell kinase (ITK; half maximal
inhibitory concentration [IC50]: 2.2 nM), which has been
reported to play a functional role in T-PLL.5,7 In line with
previous observations, single-agent treatment with BMS-
509744, a specific ITK inhibitor, had no effect on viability
in primary T-PLL samples (Figure 1D).8

To elucidate the mechanism of the combinatorial
effect, we treated primary T-PLL samples with venetoclax
alone and in combination with ibrutinib, BMS509744 or
acalabrutinib. In contrast to BTK-specific inhibition, only
drugs that inhibit ITK (ibrutinib, and BMS509744)
enhanced Bcl2-inhibitor-induced cell death (Figure 1E).
We performed dynamic BH3-profiling of primary T-PLL
samples treated ex vivo with ibrutinib to elucidate
changes in apoptotic priming. The assay measured
cytochrome C release upon stimulation with BH3-
mimetics as a readout for a cellular tendency towards
apoptosis.9 The data demonstrated enhanced overall
mitochondrial priming for apoptosis and a shift to
increased functional dependence on Bcl-2 for survival
upon ibrutinib treatment (Figure 1F, Online Supplementary
Figure S2B). 

Based on our in vitro drug synergy findings, we initia-
ted combined treatment with venetoclax and ibrutinib in
two r/r-T-PLL patients after alemtuzumab-based therapy.
Both patients presented with active disease after multiple
treatment lines with no further standard treatment
options available. We employed tandem mass 
spectrometry coupled to liquid chromatography 
(LC-MS/MS) to measure venetoclax and ibrutinib serum
levels and in vivo BH3 profiling to evaluate overall and
Bcl2-dependent apoptotic priming during treatment. The
expression of phospho-ITK, ITK and BH3 family mem-
bers was evaluated by immunoblotting of patients’ cells
obtained during treatment (Figure 2, Online Supplementary
Figure S3). 
Patient A (male, aged 78 years) was admitted with r/r-

T-PLL after three previous treatment lines (alemtuzumab
monotherapy, alemtuzumab + FCM [fluradabine,

cyclophosphamide and mitoxantrone], rechallenged with
alemtuzumab monotherapy). He presented with dysp-
nea, a white blood cell (WBC) count of 519x109/L, elevat-
ed lactate dehydrogenase (LDH; 5,230 U/L), fever,
absolute lymphocytosis (472x109/L) and neutrophilia
(42x109/L) (Figure 2A, Online Supplementary Figure S3A),
and splenomegaly (diameter: 26 cm). Fluorescence in situ
hybridization analyses of interphase nuclei revealed mul-
tiple cytogenetic aberrations (TCL1 and TCRA/D translo-
cations, heterozygous deletions of several 6q and 13q
loci, trisomies 8 and 12, duplication of the MLL locus as
well as MYC amplifications), suggesting the presence of
a complex aberrant karyotype. Venetoclax treatment was
commenced with a daily ramp-up from 20 mg to 800 mg,
which was well-tolerated. However, the clinical response
was limited with the WBC count still above 300x109/L
and LDH above 3,000 U/L after 2 weeks. When co-treat-
ment with ibrutinib at a dose of 420 mg was initiated on
day 16, both the WBC count and LDH decreased steadily
(Figure 2A). The patient’s overall clinical condition
improved, and the spleen size decreased to 22 cm after 20
days of co-treatment. Serum levels of venetoclax and
ibrutinib were continuously monitored. Interruption of
ibrutinib on day 24 was associated with a rise of WBC
count that declined after ibrutinib was reintroduced. The
course of patient A was complicated by influenza A
infection and subsequent bacterial pneumonia requiring
multiple admissions to hospital, and mechanical respira-
tory support resulting in discontinuation of anti-T-PLL
therapy. After resolution of the pneumonia, T-PLL thera-
py was reinitiated, however treatment adherence
dropped, when the patient returned to his local treatment
team who eventually switched to best supportive care.
Patient B (female, aged 75 years) had r/r-T-PLL that

relapsed after initial therapy with CHOP (cyclophos-
phamide, doxorubicin, vincristine and prednisone) and
was refractory to alemtuzumab. She presented with dys-
pnea, pleural effusion, a WBC count of 300x109/L, elevat-
ed LDH (581 U/L), and absolute neutrophilia (27x109/L)
during alemtuzumab treatment (Figure 2B, Online
Supplementary Figure S3B). The cytogenetic report
demonstrated a complex karyotype including inv(14) and
isochromosome 8q. Ibrutinib was started at a dose of 420
mg once daily before venetoclax daily at a dose increased
from 20 mg to 400 mg. The combination of ibrutinib and
venetoclax led to a rapid reduction of WBC count and
LDH as well as an improvement of clinical status (Figure
2B). On day 26, the patient experienced a minimal sub-
arachnoidal hemorrhage (grade 2). Ibrutinib was with-
held but venetoclax continued. As serum levels of ibruti-
nib dropped to undetectable levels, a concomitant
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Figure 1. Ibrutinib synergizes with venetoclax in T-prolymphocytic leukemia via inhibition of ITK and enhances Bcl2-dependent apoptotic priming. (A) Single
cell suspensions of blood or bone marrow samples were subjected to combinatorial drug screens with venetoclax and 24 potential combination partners.
Deviation from the Bliss Independence score was evaluated for each combination. For BH3-profiling single cells were stained for cytochrome and analyzed by
flow cytometry. (B) Heatmap demonstrating deviation from the Bliss independence score for each combination and individual patients (n=7). Synergy is denoted
in red while antagonism is shown in blue. Clear boxes represent missing data for Patient 5 whose material was only screened for a subset of drugs due to sample
availability. The bar plot in the lower half shows the synergy score as a mean over all patients. Drug synergy was calculated using the Synergy finder R package
by integrating data of three independent runs (Online Supplementary Figure S1B). (C) A representative three-dimensional drug synergy plot (data from Patent
7) for ibrutinib and cisplatin with venetoclax. (D) Annexin V assay showing viability compared to that with a DMSO control for ibrutinib (n=12 different T-PLL
patient samples), ITK-inhibitor BMS-509744 (n=6), and BTK-inhibitor acalabrutinib (n=12, Wilcoxon-Mann-Whitney test, ***P<0.001, *P<0.05, all compounds
tested at 10 µM with drug exposure for 24 h under NKtert co-culture). (E) Annexin V assay demonstrating viability of T-PLL samples under NKtert co-culture treat-
ed with venetoclax alone (n=10), or in combination with ibrutinib (n=10), BMS-509744 (n=6), and acalabrutinb (n=10) compared to DMSO-Ctrl. (t-test,*P≤0.05,
***P<0.001, ibrutinib, acalabrutinib and BMS-509744 were used at a dose of 10 mM with drug exposure for 24 h, venetoclax was used at a dose of 100 nM
with drug exposure for 4 h both as a single agent and in combination. After annexin V/Hoechst staining, cells were fixed with paraformaldehyde and analyzed
using a BD Fortessa with a 96-well HTS plate-reader. NKTert cells were excluded using forward and side scatter parameters. Primary antibodies were directed
against cytochrome c (Alexa Fluor 488-labeled, 6H2.B4/612308, Biolegend), CD19 (PE/Cy7-labeled, H13B19/302216, BioLegend), anti–CD5 (PE-labeled,
UCHT2/300608, Biolegend). The analysis was performed on the CD5+CD19– cell fraction. (F) BH3-profiling in primary T-PLL samples treated with ibrutinib:
cytochrome C release compared to control for overall mitochondrial priming and specific BCL2-dependence is shown for samples treated with either DMSO or
ibrutinib 10 mM for 24 h (t-test,**P≤0.01). T-PLL: T-prolymphocytic leukemia; DMSO: dimethylsulfoxide; Ctrl. Control.
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Figure 2. The combination of ibrutinib and venetoclax is clinically active in T-prolymphocytic leukemia. (A, B) Clinical follow-up of two patients treated with the
combination of ibrutinib and venetoclax, patient A (A) and patient B (B). The WBC count and LDH concentration are plotted as blue and red lines, respectively.
The lower part of each panel represents drug serum levels as black dots and drugs given as gray rectangles. Drug levels were determined by mass spectrometry.
The red arrow denotes the time point at which the serum ibrutinib concentration dropped below the level of detection with a concomitant rise of WBC. (C, D) In
vivo BH3 profiling of primary patients’ samples during co-treatment: patient A (C) and patient B (D). (E, F) Western blot analysis of primary cells showing changes
in protein levels of ITK and phospho-ITK during co-treatment of patient A (E) and patient B (F). Primary antibodies were directed against phospho-ITK (Tyr512,
Life Technologies, #PA564523), ITK (Cell Signaling Technology, #2380S) and b-actin (Santa Cruz Biotechnology, #SC-47778) (G) Proposed mechanism.
Monotherapy with venetoclax may lead to drug resistance via upregulation and activation of ITK and reduced apoptotic priming. ITK inhibition might increase
Bcl-2-dependent apoptotic priming and restore the activity of venetoclax. WBC: white blood cell; LDH: lactate dehydrogenase.

A

B

G

C

D

E

F



Letters to the Editor

increase of the WBC count was observed (Figure 2B). The
hemorrhage resolved with supportive care, and ibrutinib
was restarted, with stabilization of the WBC count.
Three weeks later the patient died due to secondary bac-
terial pneumonia.
Despite high tumor burden neither patient showed

signs of tumor lysis syndrome. In both patients, interrup-
tion of ibrutinib was associated with an increase of WBC
count that declined (patient A) or stabilized (patient B)
when ibrutinib was re-introduced. The clinical course of
both patients was complicated by severe bacterial pneu-
monia which eventually led to treatment termination.
The combination of venetoclax and ibrutinib had a toler-
able safety profile but was associated with increased fre-
quencies of neutropenia and respiratory infections in
studies including patients with other hematologic dis-
eases such as mantle cell lymphoma or chronic lympho-
cytic leukemia.10,11 Both patients we treated had received
alemtuzumab treatment as a re-induction attempt and
experienced increased neutrophil counts (Online
Supplementary Figure S3A and B). Thus, it is plausible that
prior anti-CD52 could increase infectious complications
of the combination. 
In vivo dynamic BH3-profiling with samples from the

two patients while on treatment showed a modest
increase in overall apoptotic priming by ibrutinib, driven
by an enhanced dependence on Bcl-2. This effect was fur-
ther enhanced by venetoclax (Figure 2C and D), which is
consistent with our in vitro data on T-PLL samples (Figure
1F). Immunoblotting analysis demonstrated that veneto-
clax treatment alone led to the induction of both phos-
phorylated and total ITK, an effect that was abrogated by
the addition of ibrutinib as demonstrated in samples of
patient A while on treatment (Figure 2E). In patient B,
treatment with venetoclax was started 1 day after ibruti-
nib. ITK activity (phospho-ITK) decreased during treat-
ment and regained activity upon interruption of ibrutinib
treatment (Figure 2F). Intracellular T-cell receptor signal-
ing via increased phospho-ITK expression is known to be
associated with inferior prognosis in T-cell lymphomas,
and ITK inhibition has been shown to prime apoptosis of
malignant T cells by downregulating anti-apoptotic pro-
teins, including Bcl-2, MCL-1, and Bcl-XL.12 At the pro-
tein level, in patient A  expression of Mcl-1 and Bcl-2 was
induced during venetoclax monotherapy, but was
reduced upon combinatorial treatment. In contrast,
patient B showed a predominant induction of pro-apop-
totic BH3 family members in response to combined ibru-
tinib and venetoclax treatment (Online Supplementary
Figure S3C and D). However, previous research has
shown that immunoblotting does not accurately reflect
the clinical efficacy of BH3 mimetics.9 Our previous
report and data presented here suggest that exposure to
venetoclax monotherapy leads to ITK activation and
increased Bcl-2 and Mcl-1 expression, and Bcl-2 depend-
ence with a suboptimal clinical response.4 Co-treatment
with venetoclax plus ibrutinib may reduce ITK activity,
increase Bcl-2 dependence, and restore susceptibility to
venetoclax (Figure 2G). Similarly, Mcl-1 inhibition has
been shown to act synergistically with venetoclax in 
T-PLL cells.13

Our high-throughput screen identified ibrutinib as a
synergistic combination partner for venetoclax in T-PLL.
In this study, we favored synergy over potency, since we
hypothesized that synergism would be associated with a
more favorable clinical safety profile. Indeed, the combi-
nation of venetoclax and ibrutinib has been considered
safe in other indications.10,11 We acknowledge strong sin-
gle-agent potency of other compounds such as the his-

tone deacetylase inhibitor, panobinostat; however the
added effect of its combination to venetoclax was negli-
gible (Online Supplementary Figure S1B).  
Recently, anecdotal cases of venetoclax combinatorial

treatments of T-PLL patients have been published: In line
with our findings Oberbeck et al. reported disease stabi-
lization after short-term treatment of one patient with
venetoclax plus ibrutinib, but progression after cessation
of treatment.14 Alfayez et al. treated one patient with
venetoclax plus pentostatin who achieved complete
remission for 10 months.15 This combination, however,
did not demonstrate synergism in our screen (Figure 1B),
but future studies could determine a putative benefit for
T-PLL patients. 
Our in vitro studies demonstrated that the combination

of venetoclax and ibrutinib increased T-PLL cell priming
for apoptosis and Bcl-2 dependence. The combination
produced clinical responses in two heavily pretreated
patients with r/r-T-PLL and enhanced Bcl2-dependence
in-vivo while reducing ITK activity. These results prompt-
ed the initiation of the first international multicenter clin-
ical study in T-PLL, the phase II VIT-trial (NCT03873493)
testing the combination of venetoclax and ibrutinib in r/r-
T-PLL in a larger cohort of patients.
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Stem cell yield and transplantation in 
transplant-eligible newly diagnosed multiple 
myeloma patients receiving daratumumab plus
bortezomib/thalidomide/dexamethasone in the
phase III CASSIOPEIA study

High-dose therapy (HDT) followed by autologous stem
cell transplantation (ASCT) is the standard of care for
transplant-eligible patients with newly diagnosed multi-
ple myeloma (NDMM).1,2 An adequate stem cell yield is
essential for timely hematopoietic reconstitution after
ASCT.3 Daratumumab is a human immunoglobulin (Ig)
Gk monoclonal antibody targeting CD38 with a direct
on-tumor4-6 and immunomodulatory mechanism of
action.7-9 Multiple studies have demonstrated the clinical
benefits of adding daratumumab to standard-of-care reg-
imens or as monotherapy across lines of therapy in mul-
tiple myeloma.10

The phase III CASSIOPEIA study investigated daratu-
mumab plus the standard-of-care regimen
bortezomib/thalidomide/dexamethasone (D-VTd) versus
bortezomib/thalidomide/dexamethasone (VTd) in ASCT-
eligible patients with NDMM.11 In part 1 of the study,
patients received induction, ASCT, and consolidation
therapy, which was followed by part 2 of the study where
patients with a partial response or better after consolida-
tion were re-randomized to receive maintenance therapy

or observation. Here we report stem cell yield/harvest and
transplantation results in part 1 of CASSIOPEIA.
The study design and eligibility criteria of CASSIOPEIA

have been previously reported (clinicaltrials gov. Identifier:
NCT02541383) (Figure 1).11 Briefly, eligible patients were
18 to 65 years of age, had NDMM, had an Eastern
Cooperative Oncology Group performance status of 0 to
2, and were candidates for HDT and ASCT. Major exclu-
sion criteria included the following: hemoglobin concen-
tration <7.5 g/dL; absolute neutrophil count <1.0×109/L;
platelet count ≤50×109/L (or <70×109/L if <50% of bone
marrow nucleated cells were plasma cells); aspartate
aminotransferase and alanine aminotransferase levels
>2.5 times the upper limit of normal (ULN); total bilirubin
level >1.5 times ULN; calculated creatinine clearance <40
mL/min; corrected serum calcium concentration >14
mg/dL (3.5 mmol/L); primary amyloidosis, monoclonal
gammopathy of undetermined significance, smoldering
multiple myeloma, solitary plasmacytoma, or
Waldenström macroglobulinemia; previous systemic ther-
apy or stem cell transplantation for any plasma cell
dyscrasia; and grade ≥2 peripheral neuropathy or grade ≥2
neuropathic pain. All patients provided written informed
consent; the trial was approved by Institutional Review
Board/ethics committees at each site and was conducted
in accordance with the Declaration of Helsinki, Good
Clinical Practices, and applicable regulatory requirements.
Following induction, patients underwent stem cell
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Figure 1. CONSORT diagram for the CASSIOPEIA study. The study flow diagram is shown for the CASSIOPEIA study from first randomization through completion
of autologous stem cell transplant. The daratumumab group received daratumumab/bortezomib/thalidomide/dexamethasone; the control group received
bortezomib/thalidomide/dexamethasone. Other: includes patient withdrawal, investigator decision, and others. aReasons for discontinuation are not mutually
exclusive. bOne patient had successful CD34+ stem cell collection without any previous mobilization treatment.



mobilization with cyclophosphamide (recommended
dose, 3 g/m2) and granulocyte colony-stimulating factor
(G-CSF) (recommended dose, 10 mg/kg/day until the last
day of the collection for a maximum of 10 days) after
cycle 4. The recommended cyclophosphamide dose 
(3 g/m2) was not mandatory and varied by region (e.g.,
more patients received 2 g/m2 in the Netherlands and
Belgium, while more received 3 g/m2 in France).
Plerixafor use was permitted per institutional practice in
case of failure. Peripheral blood stem cells were harvested
based on response to mobilization. Patients underwent
conditioning with intravenous melphalan 200 mg/m2

prior to ASCT. Per protocol, sufficient stem cells should
be harvested to enable multiple transplants, in accor-
dance with institutional standards. Cell counting after
harvesting was conducted locally, per institutional prac-
tice. Consolidation therapy was initiated after
hematopoietic reconstitution, but not earlier than 30
days after transplantation. Intergroupe Francophone du
Myélome and Janssen statisticians were involved in all
stages of the study and data analysis.
A total of 1,085 patients were randomized to D-VTd

(n=543) or VTd (n=542) (Figure 1). Results for stem cell
mobilization, harvesting, and transplantation are pre-
sented in Table 1. At the clinical cutoff of June 19, 2018,
among those undergoing induction (D-VTd, n=536; VTd,
n=538), 506 (94.4%) patients in the D-VTd group and
492 (91.4%) patients in the VTd group received

cyclophosphamide/G-CSF; 504 (94.0%) and 490 (91.1%)
patients, respectively, underwent stem cell harvesting.
Plerixafor was administered in the course of stem cell
mobilization to 110 patients (21.7% of the 506 patients
who underwent mobilization) in the D-VTd group versus
39 patients (7.9% of the 492 patients who underwent
mobilization) in the VTd group (P<0.0001). One patient
who received VTd had no record of mobilization treat-
ment but had successful collection of CD34+ cells from
peripheral blood in 2 consecutive days of apheresis; this
patient received HDT with stem cell transplant with
engraftment. One patient in the D-VTd group had stem
cells collected from bone marrow in addition to apheresis
from peripheral blood. Five patients (D-VTd, n=2; VTd,
n=3) who received mobilizing agents did not undergo
stem cell harvesting; of these, mobilization failure was
noted in three patients (D-VTd, n=2; VTd, n=1). The two
patients in the D-VTd group who failed mobilization
underwent two mobilization procedures and failed both.
The single patient in the VTd group who failed mobiliza-
tion did not have a second procedure. The remaining two
patients in the VTd group who received mobilizing
agents did not undergo stem cell harvest and discontin-
ued treatment due to death (n=1; serious adverse event of
large intestine perforation with a history of sigmoid
diverticulosis) or disease progression (n=1). 
The mean number of days of apheresis were 1.9 for D-

VTd versus 1.4 for VTd (P<0.0001; Table 1). Apheresis
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Table 1. Stem cell mobilization, harvesting, and transplantation.
                                                                                                                                D-VTd                                   VTd                                      P
Patients with stem cell mobilization                                                        N=506                            N=492                                  
    PBSC mobilizing agents, n (%)a                                                                                                                                                                                                           
          Cyclophosphamide/G-CSF                                                                                              506 (100)                                  492 (100)                                           
          Plerixafor                                                                                                                           110 (21.7)                                   39 (7.9)                                    <0.0001b

    PBSC apheresis performed, n (%)                                                                                    504 (99.6)c                                490 (99.6)d                                  >0.999b 

Patients with PBSC apheresis performed                                                 N=504                            N=490                                  
    Number of days of apheresis, mean [SD] (range)                                                         1.9 [0.92]                                  1.4 [0.67]                                   <0.0001e 

                                                                                                                                                            (1–6)                                        (1–4)                                             
    Number of days of apheresis, n (%)                                                                                                                                                                                          <0.0001f

          1                                                                                                                                           184 (36.5)                                 327 (66.7)                                          
          2                                                                                                                                            204 (40.5)                                 125 (25.5)                                          
          3                                                                                                                                             91 (18.1)                                    32 (6.5)                                            
          4                                                                                                                                              18 (3.6)                                      6 (1.2)                                             
          5                                                                                                                                               4 (0.8)                                            0                                                  
          6                                                                                                                                               3 (0.6)                                            0                                                  
Total number of CD34+ stem cells collected (106/kg) among patients with PBSC apheresis performed                                                                            
          Mean [SD]  (range)                                                                                                         6.7 [2.63]                                 10.0 [5.25]                                  <0.0001e 

                                                                                                                                                         (0.5–18.7)                                (2.2–36.9)
          ≥2 × 106/kg, n (%)                                                                                                            501 (99.4)                                 490 (100)                                    0.2494b

          ≥4 × 106/kg, n (%)                                                                                                            444 (88.1)                                 470 (95.9)                                  <0.0001b

          ≥5 × 106/kg, n (%)                                                                                                            380 (75.4)                                 434 (88.6)                                  <0.0001b

Patients who underwent transplantation, n (%)                                                                489 (97.0)                                 484 (98.8)                                    0.0758b

Number of CD34+ stem cells transplanted (106/kg), Mean [SD] (range)                    3.6 [1.59]                                  5.0 [2.80]                                   <0.0001e

                                                                                                                                                       (0.5–12.6)                                (1.2–23.3)                                         
Percentages were calculated with N in each group as the denominator.  aSeveral PBSC mobilizing agents were possible. bP-value calculated from Fisher’s exact test. cBone
marrow harvest was performed for one patient in the D-VTd arm and no patients in the VTd arm. No patients had only bone marrow collection. The D-VTd patient received
a stem cell collection from bone marrow in addition to apheresis from peripheral blood. Here both numbers are summed as a total of CD34+ stem cells collected from
this patient.  dBased on available information from the investigator, one patient in the VTd arm had successful CD34+ stem cell collection without a record of mobilization
treatment. However, unrecorded mobilization likely occurred, although details are undocumented. eP-value calculated from two-sample t-test. fP-value calculated from
Cochran-Armitage trend test. D-Vtd: daratumumab/bortezomib/thalidomide/dexamethasone; Vtd: bortezomib/thalidomide/dexamethasone; PBSC: peripheral blood stem
cell; G-CSF: granulocyte colony-stimulating factor; SD: standard deviation.  
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lasting 4-6 days occurred in 5.0% (25 of 504) and 1.2%
(six of 490) of patients in the D-VTd and VTd groups
who received apheresis. The mean number of CD34+
stem cells collected was lower for patients receiving D-
VTd versus VTd (6.7×106/kg vs. 10.0×106/kg, respective-
ly; P<0.0001; Table 1). Nevertheless, among those who
received apheresis, a similar percentage of D-VTd-treated
patients and VTd-treated patients underwent ASCT
(97.0% vs. 98.8%, respectively; P=0.0758; Table 1). Of
the patients who completed mobilization without receiv-
ing transplant, the most common reasons for discontinu-
ation were adverse events in the D-VTd group (D-VTd,
n=8; VTd, n=2) and disease progression in the VTd group
(D-VTd, n=7; VTd, n=4).
ASCT was undergone by 489 patients in the D‒VTd-

group and 484 patients in the VTd group. The mean
number of CD34+ stem cells transplanted was 3.6×106/kg
in the D-VTd group compared with 5.0×106/kg in the
VTd group (P<0.0001; Table 1). Hematopoietic reconsti-
tution rates were high and similar in transplanted
patients receiving D-VTd and VTd (99.8% vs. 99.6%,
respectively; P=0.6227; Table 2). The mean (standard
deviation) time to achieve sustained platelet counts
>20,000 cells/mm3 without transfusion was 14.9 days for
D-VTd versus 13.6 days for VTd (P=0.0004), and the
mean time to achieve sustained absolute neutrophil
counts >500 cells/mm3 was 14.4 days for D-VTd versus
13.7 days for VTd (P=0.0155; Table 2). Despite the
greater mean number of days needed to achieve sus-
tained platelet counts >20,000 cells/mm3 without trans-
fusion and absolute neutrophil counts >500 cells/mm3

with D-VTd versus VTd, the percentage of patients who
achieved platelet recovery was higher with D-VTd
(84.5% vs. 74.6%; P=0.0001) and the percentages of
patients who achieved neutrophil recovery were similar
between the two treatment groups (97.1% vs. 97.9%;
P=0.5363; Table 2).
Although there was lower stem cell yield and higher

plerixafor use in the D-VTd group, the addition of dara-
tumumab to VTd did not impair the feasibility and safety
of performing transplant or the success of engraftment
post transplant. Potential reasons why daratumumab
results in lower stem cell yield in this study are
unknown; however, daratumumab may possibly cause
some degree of interference through an unknown mech-
anism, as CD34+ committed stem cells express a low
level of CD38.12 Factors that have previously been
demonstrated to impact yield, such as age, sex and
weight, are not specifically associated with daratumumab
or daratumumab-treated patients.13,14 Close monitoring
and early implementation of plerixafor could be consid-
ered for patients with risk factors for lower yield.15

Differences between treatment arms reached statistical
significance for several parameters of stem cell mobiliza-
tion, harvesting, and transplant. However, these differ-
ences were ultimately not clinically relevant, as post-
transplant hematopoietic reconstitution was nearly iden-
tical (99.8% vs. 99.6%) in both treatment arms.
Transplantation should be managed on an individual
basis and with clinical judgment considering the overall
situation of the patient.
In conclusion, the addition of daratumumab to VTd

during induction therapy did not impair the feasibility
and safety of transplantation with successful engraft-
ment, even though stem cell yield was lower with D-
VTd. Combined with the primary efficacy and safety
data reported previously, D-VTd is considered a valid
treatment option for patients with NDMM who are
transplant-eligible.
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Table 2. Stem cell transplantation outcomes.
Patients with transplantation                                                                                                                  D-VTd                        VTd                   P
                                                                                                                                                                N=489                    N=484                 

Patients with hematopoietic reconstitution, n (%)                                                                                                  488 (99.8)                   482 (99.6)            0.6227a

Platelet recovery (achieving sustained platelets >20,000 cells/mm3 without transfusion), n (%)               413 (84.5)                   361 (74.6)            0.0001a

Number of days to achieve sustained platelets >20,000 cells/mm3 without transfusion,                       14.9 [5.38] (2–56)    13.6 [4.64] (1–47)    0.0004b

mean [SD] (range)                                                                                                                                                                    
Neutrophil recovery (achieving sustained absolute neutrophil counts >500 cells/mm3), n (%)                 475 (97.1)                   474 (97.9)            0.5363a

Number of days to achieve sustained absolute neutrophil counts >500 cells/mm3,                                14.4 [4.07] (6–54)    13.7 [4.20] (4–43)    0.0155b

mean [SD] (range)                                                                                
D-Vtd: daratumumab/bortezomib/thalidomide/dexamethasone; Vtd: bortezomib/thalidomide/dexamethasone; SD: standard deviation. aP-value calculated from Fisher’s
exact test.bP-value calculated from two-sample t-test. 
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The significance of gradient expression of 
chromosome region maintenance protein 1 in large
cell lymphoma

Tumor cells depend on nuclear export of macromole-
cules to sustain their survival.1 Chromosome region
maintenance protein1 (CRM1), encoded by the XPO1
gene, is the principle receptor mediating the nuclear
efflux of proteins.1 CRM1 (XPO1) is overexpressed in
tumor cells to facilitate the increased demand for nuclear
export of tumor suppressor proteins, leading to enhanced
cell survival.1-3 The intensity of CRM1 expression has an
independent prognostic value in several solid tumors and
in acute myeloid leukemia where high-expression was
associated with an inferior survival.2,4 Studies evaluating
the presence and degree of CRM1 expression in diffuse
large B-cell lymphoma (DLBCL) with respect to prognosis
are limited. This topic is important given the recent
approval of selinexor, a first-in-class small molecule
inhibitor of CRM1, for the treatment of relapsed and/or
refractory (R/R) DLBCL without the requirement to
demonstrate tumor CRM1 expression.5 Therefore, we
assessed the gradient expression of CRM1 in DLBCL
with respect to outcomes in patients treated with anti-
CD20 antibody based chemoimmunotherapy. 

The study was conducted in accordance with the
Declaration of Helsinki following Institutional Review
Board approval at Mayo Clinic, Rochester, MN. Patients
with DLBCL, primary mediastinal (thymic) large B-cell
lymphoma and high-grade B-cell lymphoma with MYC
and BCL2 and/or BCL6 rearrangements from the
Molecular Epidemiology Resource (MER) cohort at the
Mayo Clinic and the University of Iowa were eligible.
Paraffin embedded tumor tissue obtained prior to the 
initiation of treatment from patients who were 
subsequently treated with chemoimmunotherapy was
assessed for CRM1 expression through immunohisto-
chemistry (IHC) on a tissue microarray (TMA) by using a
CRM1 monoclonal antibody. Standard slide preparation
from paraffin blocks was performed and staining was
done in the following order: i) CRM1 (Cell Signaling, cat-
alog-no: 46249, dilution 1:100), ii) MACH 3™ Rabbit
Probe HRP Polymer Kit (Biocare Medical, Walnut Creek,
CA), iii) R-Polymer HRP:  MACH 3™ Rabbit Probe HRP
Polymer Kit (Biocare Medical, Walnut Creek, CA, USA),
iv) Chromogen:  DAB+ (DakoCytomation, Carpinteria,
CA, USA), v) two 5-minute incubations with water rinse.
Hemotoxylin was used as the counter stain. CRM1
expression by tumor cells was graded based on compar-
ing tumor cell CRM1 staining to background, non-malig-
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Figure 1. Distribution of the scores of histopathology grading of CRM1 expression on tumor tissue and the prognosis of patients with large-cell lymphoma
based on CRM1 protein expression on primary tumor cells. (A) Spectrum of chromosome region maintenance protein1(CRM1) expression on tumor tissue
assessed via immunohistochemistry; (B) histogram showing the distribution of the mean expression scores of CRM1, median score for the entire population
was 2.5 (vertical red dashed line); ©event-free survival based on high and low CRM1 expression; (D) overall survival based on high and low CRM1 expression.
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Table 1. Baseline characteristics of patients with large-cell lymphoma based on CRM1 protein expression on primary tumor cells. 

Variable                                                                       CRM1-low (N=100)                                   CRM1-high (N=182)                                                 P

Sex, n, (%)                                                                                                                                                                                                                                   0.827

    Female                                                                                  42 (42.0)                                                        74 (40.7)                                                                

    Male                                                                                       58 (58.0)                                                       108 (59.3)                                                               

Diagnosis Age                                                                                                                                                                                                                              0.239

    Median, years, (range)                                              59.0 (20.0 - 84.0)                                          61.5 (18.0 - 93.0)                                                         

Subtype, n, (%)                                                                                                                                                                                                                             0.7

    DLBCL                                                                                   98 (98.0)                                                       177 (97.3)                                                               

    Mediastinal large B-cell                                                      2 (2.0)                                                            5 (2.7)                                                                  

Initial Treatment, n, (%)                                                                                                                                                                                                           0.845

    MR-CHOP                                                                               6 (6.0)                                                           16 (8.8)                                                                 

    Other IC                                                                                  4 (4.0)                                                            3 (1.6)                                                                  

    R-CHOP                                                                                66 (66.0)                                                       122 (67.0)                                                               

    R-EPOCH                                                                              16 (16.0)                                                        23 (12.6)                                                                

    R-HYPERCVAD                                                                      1 (1.0)                                                            3 (1.6)                                                                  

    R2-CHOP                                                                                6 (6.0)                                                           12 (6.6)                                                                 

    RAD-RCHOP                                                                          1 (1.0)                                                            2 (1.1)                                                                  

    RCHOP/Zevalin                                                                      0 (0.0)                                                            1 (0.5)                                                                  

Stage Group n, (%)                                                                                                                                                                                                                    0.751

    I-II                                                                                          42 (42.0)                                                        80 (44.0)                                                                

    III-IV                                                                                      58 (58.0)                                                       102 (56.0)                                                               

LDH Group n, (%)                                                                                                                                                                                                                      0.454

    Missing/unknown                                                                      15                                                                    17                                                                      

    ≤ Normal n, (%)                                                                 47 (55.3)                                                        83 (50.3)                                                                

    > Normal n, (%)                                                                 38 (44.7)                                                        82 (49.7)                                                                

ECOG PS Group                                                                                                                                                                                                                          0.707

    < 2                                                                                          81 (81.0)                                                       144 (79.1)                                                               

    ≥ 2                                                                                          19 (19.0)                                                        38 (20.9)                                                                

Num. Extranodal Group n, (%)                                                                                                                                                                                               0.658

    ≤ 1                                                                                          85 (85.0)                                                       151 (83.0)                                                               

    > 1                                                                                          15 (15.0)                                                        31 (17.0)                                                                

IPI n, (%)                                                                                                                                                                                                                                      0.692

    0                                                                                              17 (17.0)                                                        27 (14.8)                                                                

    1                                                                                              29 (29.0)                                                        43 (23.6)                                                                

    2                                                                                              26 (26.0)                                                        51 (28.0)                                                                

    3                                                                                              19 (19.0)                                                        41 (22.5)                                                                

    4                                                                                                9 (9.0)                                                           17 (9.3)                                                                 

    5                                                                                                0 (0.0)                                                            3 (1.6)                                                                  

Cell of origin per Hans criteria                                                                                                                                                                                               0.236

   Missing/unknown                                                                      28                                                                    38                                                                      

    GCB n, (%)                                                                           40 (55.6)                                                        92 (63.9)                                                                

    non-GCB n, (%)                                                                  32 (44.4)                                                        52 (36.1)                                                                

Cell of origin per Nanostring                                                                                                                                                                                                   0.934

    Missing/unknown                                                                      52                                                                    84                                                                      

    ABC n, (%)                                                                           16 (33.3)                                                        32 (32.7)                                                                

    GCB n, (%)                                                                           32 (66.7)                                                        66 (67.3)                                                                

MYC Double Hit (FISH) n, (%)                                                                                                                                                                                               0.617

    Missing/unknown                                                                  8 (8.0)                                                           10 (5.5)                                                                 

    Negative                                                                                89 (89.0)                                                       164 (90.1)                                                               

    Positive                                                                                   3 (3.0)                                                            8 (4.4)                                                                  
ABC: activated B-cell; CRM1: chromosome region maintenance protein1; DLBLC: diffuse large B-cell lymphoma; IPI: international prognostic index; GCB: germinal center B-
cell; FISH: fluorescent in-situ hybridization; LDH: lactate dehydrogenase; MR-CHOP: methotrexate, rituximab, cyclophosphamide, doxorubicin, vincristine, prednisone;
RCHOP: rituximab, cyclophosphamide, doxorubicin, vincristine and prednisone; R-EPOCH: rituximab, etoposide, prednisone, vincristine, cyclophosphamide and doxorubicin;
R-HYPERCVAD: rituximab, cyclophosphamide, vincristine, doxorubicin and dexamethasone; R2-CHOP: revlimid, rituximab, cyclophosphamide, doxorubicin, vincristine and
prednisone; RAD-RCHOP: radiation with rituximab, cyclophosphamide, doxorubicin, vincristine and prednisone. 
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nant lymphocytes (negative control) and renal cell carci-
noma (positive control; known to have a high CRM1
expression).6 Two expert hematopathologists (RLK, AJW)
independently scored CRM1 nuclear staining and
assigned a score of 0-3; 0 (no nuclear staining; equal to
non-malignant background cells), 1 (dim/weak nuclear
staining but greater than background), 2 (moderate
nuclear staining with nuclear detail still visible behind the
stain) and 3 (strong nuclear staining obscuring most
nuclear detail; staining intensity equivalent to renal cell
carcinoma), Figure 1A. The average CRM1 score per case
across all available cores on the TMA was calculated and
the median CRM1 score for the entire cohort was 2.5.
Low and high-CRM1 expression were defined as scores
of 0-2.4 (CRM1-low) and 2.5-3.0 (CRM1-high), respec-
tively. Scoring reliability between reviewers and between
cores was assessed and an intra-class correlation coeffi-
cient of 0.75-0.90 was defined as “good scoring reliabili-
ty”. All time-to-event analyses were conducted from the
time of diagnosis. Event-free survival (EFS) was defined
as time from diagnosis to progression, retreatment, or
death. The association of CRM1 expression and risk of
failing to achieve EFS at 24 months after diagnosis
(EFS24) was estimated using odds ratios (OR) and 95%
Confidence Intervals (CI) from logistic regression models,
while the association of CRM1 expression with continu-
ous EFS and overall survival (OS) was estimated using
Kaplan-Meier method and hazard ratios (HR) and 95%
CI were calculated through Cox regression models.
Eighteen DLBCL TMA with optimal overlap with

ongoing sequencing projects were used. After excluding
non-chemoimmunotherapy treated patients, tumor tis-
sue cores from 282 patients were analyzed (Table 1). The
median age was 61 years (range, 18-93) and 166 (59%)
were males. The median follow-up was 88.6 months
(95% CI: 82.9-95.5). Quantitative expression of CRM1
was detected in 99% of cases (score of 1 or higher,
n=278); therefore the intensity of CRM1 expression was
assessed with respect to patient outcomes. One-hundred
patients (35%) were categorized in to the CRM1-low
intensity cohort; 182 (65%) patients were in the CRM1-
high cohort, (Figure 1B). The intra-class correlation coef-
ficient to measure scoring reliability of CRM1 expression
was 0.79, meeting the criteria of good reliability between
the hematopathologists. 
There were no differences in International Prognostic

Index (IPI), performance score, lactate dehydrogenase
level, age, high-risk disease (double or triple-hit lym-
phoma), cell-of-origin, or treatment modality at diagnosis
between the CRM1-high and the CRM1-low cohorts,
(Table 1). The EFS24 was similar in the CRM1-high
cohort (30%) compared to CRM1-low cohort (27%), OR
1.09, 95% CI: 0.73-1.63; P=0.67, (Figure 1C). The OS
was not different between cohorts (Figure 1D). The EFS
and OS results were similar when adjusted for age, sex,
IPI, cell-of-origin, and MYC, BCL2 and BCL6 protein
expression and rearrangement status (data not shown). 
CRM1 is being exploited as a therapeutic target in can-

cer.1 The recent United States Food and Drug
Administration approval of selinexor for the treatment of
R/R DLBCL was based on an overall response rate of
28% with single-agent selinexor suggesting the potential
that the intensity level of CRM1 expression may have
prognostic significance.5 In a prior study in DLBCL, the
qualitative expression level of CRM1 was an independ-
ent negative prognostic marker which associated with
higher clinical stage and inferior OS.7 However, that
study was small (n=131), limited by short follow-up
(median was not reported; range, 14-65 months), and

heterogeneous treatments with nearly half of the patients
receiving chemotherapy instead of the current standard
of chemoimmunotherapy.8 A second study assessed the
expression of CRM1 by using a polyclonal-antibody in
patients with DLBCL who were treated with chemoim-
munotherapy and reported inferior OS associated with
high-level of CRM1 expression in activated B-cell or dou-
ble-expresser types.9 The median follow-up of the
patients was not mentioned in that study and the OS was
lower than typical real-world patients with DLBCL treat-
ed with chemoimmunotherapy.10 Importantly, the fre-
quency of CRM1 expression in tumor cells in that study
was low at only 40% of cases. This result differs from our
study where 99% of cases were CRM1 positive but with
variable intensity. The low expression level in that study
is surprising given that CRM1/XPO1 is a protein critical
for normal cellular function and is expected to be present
in all cells to varying degrees.11 Our study utilized a mon-
oclonal-antibody in contrast to the polyclonal-antibodies
used in the two prior studies. In general, monoclonal-
antibodies are preferred for clinical use due to their
improved specificity for a given epitope.12 While techni-
cal differences in IHC protocols may contribute to differ-
ent staining outcomes, we hypothesize that CRM1 poly-
clonal-antibodies may have lower sensitivity in detecting
the particular epitope of CRM1 as compared to mono-
clonal-antibodies, accounting for the differences in posi-
tivity rates across DLBCL. 
The expression of CRM1 in solid tumors has also been

assessed in the past and shown a negative prognostic
value with high CRM1 expression.2 The heterogeneity of
tumor biology, patient populations, and treatments may
contribute to the disparate findings between solid can-
cers and ours here in DLBCL. The prevalence of XPO1
mutation has been documented in DLBCL to be 2-4%, in
which the majority were XPO1E571K mutation.13,14 In pri-
mary mediastinal B-cell lymphoma and Hodgkin lym-
phoma, the prevalence of XPO1E571K is close to 25% in
some studies.15 Moreover, the XPO1E571K mutation has
been shown to promote lymphomagenesis and cellular
proliferation, alter nuclear cytoplasmic compartmenta-
tion of CRM1, and better sensitize cells for CRM1
inhibitors in vitro and in vivo.1 The relatively low preva-
lence of XPO1mutation in LCL, and lack of whole exome
sequencing (WES) data on our current patient population
prevented us from assessing the prognostic significance
of XPO1 mutations in LGL. However, future studies that
include WES data on large LCL patient populations may
be able to shed further light on this matter.
Strengths of our study include a large dataset, all

patients received standard chemoimmunotherapy in a
real-world setting, uniform assessment of CRM1 expres-
sion using a monoclonal-antibody, independent interpre-
tation by two expert hematopathologists, and long fol-
low-up. We report that CRM1/XPO1 protein is expressed
in virtually all DLBCL but the difference in expression
intensity did not predict outcomes in patients treated
with regimens not containing the CRM1/XPO1-inhibitor,
selinexor. Limitations of our study include that, although
we have used easily reproducible methods to assess
CRM1 expression in tumor cells with good scoring relia-
bility between the two reviewers, the intensity grading
algorithm used has not been tested among larger num-
bers of pathologists. However, based on differences in
staining intensities (Figure 1) we demonstrated, there
may be potential for this assay to be used in future
prospective trials to learn if intensity predicts response to
CRM1/XPO1-inhibitor treatment. This issue has not
been described in any of the clinical trials which have
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used selinexor to-date. The aggressive lymphoma field
needs treatment selection factors now more than another
marker of overall prognosis. We recommend that CRM1
staining and intensity grading be included in ongoing and
future clinical trials to learn if CRM1 intensity predicts
selinexor response.
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Ibrutinib interferes with innate immunity in chronic
lymphocytic leukemia patients during COVID-19
infection 

Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is a novel coronavirus that from December
2019 is spreading throughout the world causing a pan-
demic of Coronavirus Disease 2019 (COVID-19).1
COVID-19 is characterized by severe activation of
inflammatory response that is thought to be a major
cause of disease severity and death. Immune response to
COVID-19 infection is constituted by two steps: during
the phase of incubation, an adaptive immune response is
able to control virus proliferation preventing disease pro-
gression. In the later phase, an uncontrolled inflammato-
ry response could determine major clinical complications.
This response, known as cytokine storm, is induced by
the activation of T cells, natural killer (NK) cells, mono-
cytes/macrophage, neutrophils and any cells that run into
the virus itself or degrade viral products. During the
cytokine storm TNF-α, IFN-γ, IL-1b, IL-6, IL-12 and IL-17
are of crucial importance.2 Given the aberrant response of
immune cells to viral infection, acute respiratory distress
syndrome appears to be the most acute and fatal event of
this disease. It’s evident that COVID-19 poses several
challenges to the management of patients with hemato-
logic malignancies since patients appear to be vulnerable
to COVID-19.3 Chronic lymphocytic leukemia (CLL) is
the most common leukemia in Western countries that
mainly affects older people. CLL is characterized by sev-
eral clinical complications related to alterations in the
immune system. Predisposition to infections in CLL
patients includes both immunodeficiency related to the
leukemia itself and the results of cumulative immunosup-
pression caused by treatments. Given these evidences
CLL patients might represent a high-risk group for SARS-
CoV-2 infection and the outcome of patients needed
admission is poor with high mortality rate.4 As supposed
by different studies, BTK inhibitors (BTKi), in particular
ibrutinib, may have a possible protective effect against
lung injury in patients with COVID-19, tempering the
hyper-inflammatory state.5,6 Some different retrospective
studies, in particular an observational study conducted in
Europe identified treatment with ibrutinib or BTKi as a
factor associated with better outcome during COVID-19,
with a shorter hospitalization of CLL patients. On the
contrary, a similar study conducted in US did not confirm
this observation. Of importance, BTKi treatment was
interrupted at the onset of COVID-19 in the majority of
cases.4,7 On this line, even though off-label administra-
tion of acalabrutinib in patients with severe COVID-19
had demonstrated reduction of the host inflammatory
immune response and improved clinical outcomes, the
CALAVI phase II trial for acalabrutinib in patients hospi-
talized with respiratory symptoms did not meet the pri-
mary efficacy endpoint of increasing the proportion of
patients who remained alive and free of respiratory fail-
ure (https://www.astrazeneca.com/media-centre/press-releas-
es/2020/update-on-calavi-phase-ii-trials-for-calquence-in-
patients-hospitalised-with respiratory-symptoms-of-covid-
19.html).8 Ibrutinib exerts an immunomodulatory action,
both on innate and adaptive immunity, sustaining a Th1
polarization and, at the same time, an anti-inflammatory
polarization of macrophages.9,10
In the present study, we examined the modulation of

ibrutinib treatment on the cytokine release by T cells and
monocytes in CLL patients during infection with SARS-
CoV-2.

Blood samples from patients that matched standard
diagnostic criteria for CLL were obtained from the
Hematology Unit of Modena Hospital, Italy with a pro-
tocol approved by the local Institutional Review Board
and adhered to the tenets of the Declaration of Helsinki.
Peripheral blood mononuclear cells (PBMC) were isolated
and used fresh or cryopreserved until use. This study was
performed on samples isolated from CLL patients who
have not experienced SARS-CoV-2 infection. PBMC iso-
lated from CLL patients were treated with ibrutinib or
vehicle then stimulated with SARS-CoV-2 Peptide Pools
Protein S, S1, S+, N and M (Miltenyi Biotech) and ana-
lyzed using cytokine secretion assay (CSA) for TNF-α and
IFN-γ (Miltenyi Biotech). In order to identify the mono-
cytic and T-cell population, PBMC were stained with
CD14 and CD3 antibody respectively. For the ex vivo
analysis, PBMC from CLL patients before and after 3
months of ibrutinib therapy were collected and stored in
liquid nitrogen. PBMC were stimulated with 
SARS-CoV-2 Peptide Pools Protein and monocytes or T
cells were identified by staining with CD14 or CD3.
Secretion of TNF-α and IFN-γ was analyzed by CSA.
Conditioned media were collected by centrifugation at
1,600 rpm for 10 minutes and stored at -20°C before
being assayed. The levels of IL-6 were determined by
human enzyme linked immunosorbent assay kit high
sensitivity (Abcam). All data are presented as mean ±
standard error of the mean. The t-test or Wilcoxon
matched-pair signed rank test were used to determine
statistical significance (GraphPad v6, GraphPad Software
Inc).
CLL is typically characterized by perturbations of the

immune system, involving both innate and adaptive
immune responses. Firstly, we examined the impact of
SARS-CoV-2 infection in vitro on the adaptive and innate
immunity in CLL collected from treatment-naϊve
patients. As shown in Figure 1, following stimulation
with SARS-CoV-2 peptides, we measured a strong and
significant release of pro-inflammatory cytokines both by
CD3+ T cells and CD14+ monocytes characterized by sig-
nificant increase of TNF-α and IFN-γ secretion (*P<0.05;
**P<0.01). Then, we analyzed if treatment with ibrutinib
can modify the immunological response during infection.
Ibrutinib targets T cells by irreversibly binding Tec family
kinase, ITK, skewing toward Th1 phenotype and affect-
ing Th2 immunity.9 ITK is critically involved in T-cell-
mediated immune response and depletion of its expres-
sion impairs influenza virus replication.11 As shown in
Figure 1A and B and in the Online  Supplementary Figure
S1 ibrutinib did not determine a significant alteration in
TNF-α secretion either in presence or absence of stimula-
tion with SARS-CoV-2 peptides (P=not significant [ns]),
in addition secretion of IFN-γwas not altered by ibrutinib
and after stimulation we detected a slight increase
(*P<0.05). Ibrutinib targets BTK in CLL-derived
macrophages (nurse-like cells [NLC]) potentiating its
immunosuppressive M2-skewed features.10 BTK inhibi-
tion hampered the inflammatory response of NLC during
A. fumigatus infection.12 According to this evidence, we
aimed to characterize the response of CLL monocytes to
SARS-CoV-2 in the presence of ibrutinib. As reported in
Figure 1C and D and in the Online Supplementary Figure
S1, ibrutinib strongly impaired the release of TNF-α and
IFN-γ by CLL monocytes induced by SARS-CoV-2
(*P<0.05). IL-6 is one of the key mediators of inflamma-
tion and cytokine storm in COVID-19 patients.
Therefore, we measured the amount of secreted IL-6 in
conditioned media collected after stimulation with 
sSARS-CoV-2 peptides either in the presence or absence
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of ibrutinib treatment. As shown in Figure 1E, SARS-
CoV-2 caused an increased release of IL-6 in the condi-
tioned media (*P<0.05) that was significantly mitigated
by BTK inhibition (*P<0.05).
Furthermore, we planned to analyze ex vivo matched

samples isolated from CLL patients before treatment and
after 3 months of treatment with ibrutinib comparing the
response of CD3+ and CD14+ cells to SARS-CoV-2. Our
data did not show any significant modification in pro-

inflammatory cytokines release by CD3 during treatment
with ibrutinib (Figure 2A and B; Online Supplementary
Figure S2; P=ns). On the contrary, the secretion of TNF-α
and IFN-γ by monocytes measured during the first 3
months of therapy was significantly reduced as compared
to pre-treatment condition (Figure 2C and D; Online
Supplementary Figure S2; *P<0.05). 
Ibrutinib treatment continuation in CLL patients affect-

ed by COVID-19 is feeding an important clinical and sci-
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Figure 1. Immunomodulatory modifications induced by ibrutinib in
chronic lymphocytic leukemia T cells and monocytes during infection by
SARS-CoV-2. Chronic lymphocytic leukemia (CLL) peripheral blood
mononuclear cells (PBMC) were isolated, treated with ibrutinib 1 mM for
90 minutes and then stimulated with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) peptides (1 mg/mL) for additional 6 hours.
TNF-α and IFN-γ secretion levels have been determined by cytokine
secretion assay kit gating CD3+ and CD14+ populations by flow cytome-
try. (A and B) Bar diagrams show the percentage of TNF-α and IFN-γ
secretion by T cells either in the presence or absence of stimulation by
SARS-CoV-2 peptides (n=7; *P<0.05,**P<0.01). (C and  D) Bar dia-
grams show the percentage of TNF-α and IFN-γ secretion by monocytes
either in the presence or absence of stimulation by SARS-CoV-2 (n=7;
*P<0.05; **P<0.01). (E) Conditioned media were collected for human
enzyme linked immunosorbent assay determination of IL-6. Bar dia-
grams represent the mean protein concentration measured in 11 sepa-
rated experiments. Values presented are in pg/mL (n=11, *P<0.05).

    A                                                                                       B

    C                                                                                       D

E
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entific debate about the opportunity to maintain or dis-
continue treatment in the presence of SARS-CoV-2 infec-
tion. In this scenario, some concerns are related to the
evidence that an immunosuppressive activity of ibrutinib
has been related to the occurrence of early-onset invasive
fungal infections in treated-patients. For this reason, the
choice of ibrutinib discontinuation may be related to a
potentially increased risk of secondary infections and
impaired humoral immunity.13 Our results demonstrate
how ibrutinib may have protective effects on COVID-19
in CLL patients by limiting the cytokine storm preventing
lung injury. On one hand, ibrutinib may influence T-cell
function, by skewing T cells from a Th2-dominant to a
Th1 and CD8+ cytotoxic population promoting Th1
immunity.9 On the other hand, BTK is involved in the
regulation of macrophage lineage commitment towards
M1 polarization and ibrutinib is able to skew towards an
immunosuppressive phenotype also in response to pro-
inflammatory stimuli as fungal infection.12 Inhibition of
BTK, expressed by myeloid immune cells, affects the
induction of inflammatory cytokines through the NFkB
pathway and in mice intratracheal injection of BTK small
interfering RNA confers potent protection against sepsis-
induced acute lung injury with significant reduction of
pulmonary edema, inflammatory cytokines and neu-
trophil infiltration in the lung tissues.14 In the setting of
influenza A infection, ibrutinib mitigates inflammation
and improves resolution of infection.15 Our results seem
to strongly support a protective action of ibrutinib miti-
gating the feared cytokine storm sustaining the sugges-

tion that there are no evident reasons to prematurely
interrupt ibrutinib in these patients as recently
suggested.13 In the light of these observations, since ibru-
tinib seems to not worsen COVID-19 specific immune
response, our study provides a biological rationale for
continuation of BTKi in CLL patients who develop
COVID-19. Noteworthy, a better overview on the poten-
tial use of BTKi against COVID-19 is under evaluation in
clinical trials (clinicaltrials.gov Identifier: NCT04439006,
NCT04375397) conducted in patients not affected by 
B-cell malignancies.
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Figure 2. Immunological alterations in chronic lymphocytic leukemia patients under ibrutinib therapy during infection by SARS-CoV-2. Chronic lymphocytic
leukemia (CLL) peripheral blood mononuclear cells (PBMC) were isolated from CLL patients before and after 3 months of treatment with ibrutinib and stimulated
with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) peptides (1 mg/ml) for 6 hours. TNF-α and IFN-γ secretion levels have been determined by
cytokine secretion assay kit gating CD3+ and CD14+ populations by flow cytometry. (A and B) Bar diagrams show the percentage of TNF-α and IFN-γ secretion
by T cells either in the presence or absence of stimulation by SARS-CoV-2 (n=7; *P<0.05). (C and D) Bar diagrams show the percentage of TNF-α and IFN-γ
secretion by monocytes either in the presence or absence of stimulation by SARS-CoV-2 (n=7; *P<0.05).
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Derepression of retroelements in acute myeloid
leukemia with 3q aberrations

Acute myeloid leukemia (AML) with chromosomal
rearrangements inv(3)/t(3;3) (3q-AML) is a rare but high-
ly fatal subtype of leukemia. It is characterized by an
aberrant transcription of the proto-oncogene EVI1
(ecotropic viral integration site 1, MECOM) as a result of
the chromosomal 3q21q26 rearrangements that lead to
the relocation of a master GATA2 distal hematopoietic
enhancer to the EVI1 locus and deregulation of both
genes.1,2  To date, little is known about what triggers chro-
mosomal rearrangements in 3q-AML that ultimately lead
to the deregulation of EVI1 via the repositioning of
G2DHE. However, recent studies have shown evidence for
the involvement of endogenous transposable elements of
RNA family (retroelements [RE]) in the formation of com-
plex chromosomal aberrations, including translocations,
large-scale duplications and amplifications through retro-
transposition across different cancer entities.3

Furthermore, hypomethylation of RE has been linked to
their pathogenic mobility in epithelial tumors.4–6

Here we present the results of functional genomics
analysis of a cohort of 3q-AML patients. Based on our
data, we hypothesized that breakpoint-associated RE
(breakpoint-RE) could play an important regulatory and
activating role in this AML subtype. Therefore, we per-
formed an array of in vitro studies using CRISPR-Cas9
approach to dissect their role in 3q-AML.
Targeted chromosome 3q-capture sequencing of 3q-

AML patient samples and cell lines with EVI1 overex-
pression previously revealed a characteristic 3q21q26
pattern of patient-specific breakpoints, demarcating a
leukemogenic EVI1-activating super-enhancer that is
found uniquely in inv(3)/t(3;3) AML and contains
G2DHE.1 In order to identify a commonality between
breakpoints relevant for super-enhancer formation, we
reanalyzed 3q-capture sequencing data and found that in
38 of 41 samples, chromosomal breakpoints at 3q21.3
and 3q26.2 mapped to sequences of RE, including long
interspersed elements (LINE), short interspersed ele-
ments (SINE) and long terminal repeats (LTR) (Figure 1A).
Of note, RNA sequencing (RNA-Seq) of 3q-AML patients
revealed a characteristic RNA readthrough spanning the
large super-enhancer region at 3q21.3 (Figure 1B, top
panel). A similar enhancer RNA (eRNA) signature was
observed in non-3q-rearranged AML cases (Figure 1B, top
panel; Online Supplementary Figure S3), indicating active
G2DHE regulating GATA2 in its native environment. In
3q-AML, however, the RNA readthrough frequently orig-
inated at 3q21.3 breakpoint sites, extending beyond the
super-enhancer region. Additionally, allele-specific bisul-
fite amplicon sequencing performed on selected AML
cases revealed focal demethylation of CpG sites around
the chromosomal breakpoints exclusively on the
rearranged allele, whereas the intact allele in 3q-AML
and both alleles in non-rearranged leukemic cell lines did
not show any hypomethylation pattern (Figure 1B, bot-
tom panel). Focal hypomethylation around breakpoints
on the rearranged allele could be the consequence of
chromosomal rearrangements and super-enhancer-relat-
ed epigenetic reprogramming, including the deposition of
active chromatin marks and physical interaction between
the EVI1 promoter and G2DHE.1
Based on our RNA-Seq and bisulfite sequencing data,

we investigated whether derepression of breakpoint-RE
could possibly represent a priming event for an enhancer
rearrangement by relaxation of the local chromatin com-

paction and may play a role in the ectopic activation of
EVI1 by the super-enhancer. In order to test this hypoth-
esis, we performed a CRISPR-Cas9 gene editing experi-
ment using a homology-directed repair (HDR) template
to insert selected 3q21.3 breakpoint-RE sequences or
G2DHE in the vicinity of the EVI1 locus in the EVI1-pos-
itive myeloid leukemia reporter cell line K562 that does
not harbor inv(3)/t(3;3) rearrangements (Figure 2A, top
panel) (Ottema et al., 2021, under review). The presence
of a T2A-eGFP fusion sequence inserted downstream of
EVI1 allows for correlation of EVI1 expression with the
synchronously expressed green fluorescent protein (GFP).
The parental reporter cell line is tolerant of increased
EVI1 levels given that its baseline expression is already
increased in K562. The insertion sequences were derived
from 3q21.3 breakpoints of two leukemia cases: AML
3071, a patient with inv(3) AML and MOLM-1, a near-
triploid myeloid leukemia cell line harboring two chro-
mosome 3 alleles with inv(3) (Figure 2A, bottom panel).7
The HDR templates were inserted in the corresponding
3q26.2 breakpoint loci as found in AML 3071 and
MOLM-1, that is downstream of EVI1 and within the last
EVI1 intron, respectively. 
Single-cell clones validated by polymerase chain reac-

tion (PCR) and Sanger sequencing (Online Supplementary
Figure S1A) harboring the ectopic G2DHE showed a shift
in GFP fluorescence indicating successful EVI1 activation,
whereas clones with 3q21.3 breakpoint-RE sequences
showed no change in the GFP signal compared with
untreated cells (Figure 2B). Furthermore, single-cell
clones were analyzed by quantitative PCR (qPCR) and
western blot, which showed results consistent with the
flow cytometry analysis (Figure 2C and D, respectively),
suggesting that the ectopic activation of EVI1 occurs via
G2DHE, whereas breakpoint-RE themselves are insuffi-
cient to induce EVI1 transcriptional activation in the
K562 reporter cell line.
In order to further dissect a potential regulatory role of

breakpoint-RE in 3q-AML, a reciprocal experimental
CRISPR-Cas9 approach was applied to delete the original
breakpoint-RE in MOLM-1 and UCSD-AML1, the latter
being a t(3;3) AML cell line. We expressed pairs of single
guide RNA (sgRNA) in stably Cas9-expressing cells to
induce a segmental deletion of a fragment containing
either the inverted (MOLM-1) or translocated (UCSD-
AML1) breakpoint-RE at 3q26.2 on the rearranged alleles
located within the last EVI1 intron in MOLM-1, and
upstream of the EVI1 promoter in UCSD-AML1 (Figure
3A). Targeting on the non-rearranged allele was expected
to result only in generation of indels at the 3q21.3 and
3q26.2 site but not segmental RE deletions. In total, two
MOLM-1 and six UCSD-AML1 clones harboring the
desired deletion validated by PCR and Sanger sequencing
(Online Supplementary Figure S1B) were derived success-
fully from single cells. Together with the nontargeting
control (NTC) clones (targeted with sgRNA against
mCherry and eGFP) and the wild-type (WT) cell line, we
performed phenotypic analysis of obtained deletion
clones. We observed no differences in proliferation
between deletion and control samples (Figure 3B).
Slightly reduced EVI1 expression on mRNA and protein
level was observed exclusively in the MOLM-1 deletion
clones (Figure 3C, left panel). 
In order to identify potential genome-wide effects of

CRISPR-Cas9-induced RE deletion, we performed
genomic and epigenomic analyses of the MOLM-1 and
UCSD-AML1 deletion and control clones using circular-
ized chromatin conformation capture sequencing (4C-
Seq) and chromatin immunoprecipitation followed by

2269haematologica | 2021; 106(8)
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Figure 1. Chromosomal breakpoints in acute myeloid leukemia inv(3)/t(3;3) (3q-AML) are enriched in retroelements. (A) 3q-capture sequencing revealed a char-
acteristic breakpoint pattern (red and black arrowheads) at 3q21.3 (upper tracks) and 3q26.2 (lower tracks). At 3q21.3, a breakpoint-free region downstream
(left) of RPN1 was identified as a commonly translocated segment containing G2DHE. At 3q26.2, breakpoints of inversion cases map exclusively downstream
(left) or within the last EVI1 intron, whereas translocation cases have breakpoints upstream of EVI1. Color-coded diamonds indicate the position of RE: long inter-
spersed elements (LINE), short interspersed elements (SINE) or long terminal repeats (LTR), annotated by RepeatMasker. (B) RNA sequencing of 3q-AML samples
revealed a characteristic RNA readthrough signature at 3q21.3. Bisulfite amplicon sequencing on representative 3q-AML samples showed focal hypomethylation
of breakpoint regions (red arrowheads) on the rearranged allele but not on the normal allele and non-3q samples.

A

B

sequencing (ChIP-Seq). Neither 4C-Seq nor ChIP-Seq
revealed an impact of RE deletion on the interaction fre-
quency of G2DHEwith the EVI1 promoter or on the dep-
osition of active chromatin marks, such as H3K27ac and
H3K4me3, in any of the two edited cell lines (results for
MOLM-1 shown in the Online Supplementary Figure S2A),
making it unlikely that the expression changes in EVI1

are caused by changes in the regulatory function of
G2DHE.
Since the reduction of EVI1 expression was specific

only to the MOLM-1, but not UCSD-AML1 deletion
clones, we speculated that this effect might be due to
other features present in the sequence deleted in MOLM-
1, rather than the consequence of the breakpoint-RE-
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Figure 2. Ectopic activation of EVI1 occurs via G2DHE, whereas breakpoint-associated retroelements do not display activating potential in the K562 cells. (A)
Experimental strategy of CRISPR-Cas9-mediated genomic insertions. Donor templates containing either G2DHE (736 bp, red boxes) or 3q21.3 breakpoint-asso-
ciated retroelements (breakpoint-RE) from selected 3q-AML cases (3071: 353 bp and MOLM-1: 280 bp, blue boxes) were inserted in the non-3q K562 reporter
cell line (K562 eGFP-T2A-EVI1) using CRISPR-Cas9 downstream of EVI1 and within the last EVI1 intron. A genomic view shows the origin of 3q21.3 breakpoint
sequences used in CRISPR experiments, dashed lines indicate 3q21.3 breakpoints in 3071 (left) and MOLM-1 (right). 3,071 homology-directed repair (HDR)
template contains a part of MLT1J LTR element. G2DHE (red) and 3q21.3 breakpoint-RE samples (blue) are consistently colored throughout the figure. (B) Flow
cytometry analysis on the K562 eGFP-T2A-EVI1 single clones bearing the desired G2DHE or 3q21.3 breakpoint insertions. Peaks corresponding to the green
fluorescent protein (GFP) signal from single clones targeted at the same region are presented together on one graph, with peaks for untreated cells shown as
a black outline. (C) Quantitative polymerase chain reaction (qPCR) analysis of the EVI1 mRNA levels in single clones shown in (B), relative to HMBS and normal-
ized to the untreated eGFP-T2A-EVI1 cells. (D) Representative western blot of the full-length EVI1 isoform from the clones and untreated cells (ctr) shown in (B)
and (C). Data shown in (C) are means of three technical replicates from one independent experiment. SINE: short interspersed nuclear elements; LTR: long ter-
minal repeats. 

A

D

  B                                                                                                           C

deletion. To this end, we reanalyzed the deleted
sequences in the two cell lines. The original 3q21.3 frag-
ment overlapping with LINC01565 relocated to the
3q26.2 site and deleted in the MOLM-1 clones displays
high degree of conservation (Figure 3A, left panel), which
might indicate functional importance of this sequence.
ENCODE transcription factor (TF) ChIP data generated in
K562 cells revealed a plethora of TF binding to this region
(Online Supplementary Figure S2B). Some of these TF have
predicted binding sites within the G2DHE sequence,
including IKZF1, MAX, TAL1 and MAZ (Kiehlmeier et al.,
2021, under review). Furthermore, EVI1 has been func-

tionally linked to some of these TF, including MTA1/2,
HDAC1/2 and GATAD2B. All these proteins belong to
the nucleosome remodeling and deacetylase (NuRD)
complex,8 which was shown to specifically interact with
the MDS-EVI1 (PRDM3) but not the EVI1 protein,9 while
both EVI1 protein isoforms were shown to interact with
HDAC1.10 Contrary to MOLM-1, no TF binding in the
region deleted in the UCSD-AML clones was found
(Online Supplementary Figure S2B).
Taken together, the observed reduction in EVI1 expres-

sion upon breakpoint-RE deletion in MOLM-1 is more
likely the consequence of TF binding loss within the
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Figure 3. MOLM-1 single clones harboring the deletion of breakpoint-associated retroelements exhibit no phenotypic changes but show reduced EVI1 expres-
sion. (A) Illustration of the CRISPR-Cas9 mediated segmental deletion surrounding the breakpoint on the rearranged allele of chromosome 3 in MOLM-1 (left)
and UCSD-AML1 (right). The deleted regions (MOLM-1: purple, UCSD-AML1: blue) encompass a MIR3 SINE element in MOLM-1, and representatives of all three
RE subclasses in UCSD-AML1. Normalized proliferation (B) of deletion (del), nontargeting control (NTC) clones, NTC bulk of cells and wild-type (WT) cell line. (C)
Quantitative polymerase chain reaction analysis of EVI1 mRNA levels (top panel) and representative western blot (bottom panel) of the full-length EVI1 isoform
from samples shown in (B). Data shown in (B) and (C, top panel) are mean ± standard deviation from three independent experiments. Conservation across ver-
tebrate genomes is taken from phastCons.13 SINE: short interspersed nuclear elements; LINE: long interspersed nuclear elements; LTR: long terminal repeats.
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G2DHE super-enhancer structure. However, we could
not observe any specific pattern of TF binding sites com-
monly relocated to the EVI1 locus in 3q-AML patient and
cell line data. Meanwhile, we conclude that breakpoint-
RE are not essential for the regulation and maintenance
of EVI1 expression in 3q-AML. 
In summary, our data show that RE are highly enriched

at inv(3)/t(3;3) breakpoint sites in AML and represent a
source of genomic vulnerability without providing addi-
tional regulatory or activating signal for EVI1 in this
leukemia subtype, as evidenced by CRISPR-Cas9 editing
experiments in 3q-rearranged cell lines. However, we
cannot exclude the involvement of full-length source RE
sequences in the formation of 3q rearrangements in ear-
lier stages of malignant transformation. Since many
retrotransposition-competent RE often become truncated
or undergo internal reshuffling upon insertion in a new
genomic location,11,12 the presence of resulting chimeric
breakpoint-RE sequences would bear no functional con-
sequences, which stands in line with the lack of effects
observed upon CRISPR-Cas9 editing of breakpoint-RE
fusion sequences in our cell line models. 
Additionally, the data from the K562 reporter cell line

provide an orthogonal confirmation of the minimal
G2DHE being sufficient for EVI1 transcriptional activa-
tion.1
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One third of alloantibodies in patients with sickle cell
disease transfused with African blood are missed by
the standard red blood cell test panel

Studies on red blood cell (RBC) antibodies in Africa
routinely use standard test cells from donors of
Caucasian descent. There are no systematic data on
alloimmunization against antigens that are almost exclu-
sively present in Africans. We studied the prevalence of
antibodies in transfused Ghanaian patients with sickle
cell disease (SCD) using standard test cells (representing
predominantly antigens more common in Caucasians
(Caucasian antigens) and cells expressing antigens more
common among Africans (African antigens). Antibodies
were present in 16% of 221 patients; 31% of these were
directed against African antigens that were not detected
with standard test cells. Our findings are not only rele-
vant for an African setting, but also for Western blood
banks that are developing strategies to recruit more
African donors.
Transfusions in patients with SCD are associated with

high rates of red blood cell (RBC) alloimmunization
against multiple antigens. Alloantibody screening is per-
formed with standard reagent test cells, mostly from
donors of Caucasian descent that lack antigens that are
more prevalent in Africans. Alloimmunisation involving
antigens that are almost exclusively present in Africans
has not been studied systematically in a setting where
both patients and donors are Africans. We determined
the prevalence of RBC antibodies against Caucasian and
African antigens in multi-transfused patients with SCD in
Ghana, where pre-transfusion antibody screening and
indirect antiglobulin crossmatch are not routine.
Our cross-sectional study recruited patients between

July and December 2018, from two tertiary hospitals.
Patients were eligible for inclusion if they were at least 2
years of age and had received at least two transfusions at
least 6 weeks before study enrolment (to allow time to
develop antibodies). Patients were episodically trans-
fused with non-leucoreduced whole blood from African
donors. Donors were not screened for sickle cells.
Participants’ demographics and transfusion history were
retrieved from hospital files. Patients or caretakers pro-
vided this information, if missing from hospital files,
using a standard questionnaire. 
Plasma and buffy coat samples, taken at enrolment,

were frozen at –80°C and transported to Sanquin,
Amsterdam, the Netherlands, for routine antibody test-
ing against a standard three-cell reagent panel (Bio-Rad
Laboratories AG, Cressier, Switzerland), not expressing
antigens that are more common in Africans, using a low
ionic strength solution (LISS) indirect anti-globulin gel
column agglutination test. Using the same method, anti-
body identification was performed with commercial pan-
els of reagent RBC of selected phenotypes and against
eight selected cells with antigens that are very rare
(<0.01% to 1%) in Caucasians but more frequent (0.5%
to 32%) in Africans (i.e., MNS6 [He], MNS25 [Dantu],
RH10 [V], RH20 [VS], RH30 [Goa], RH32, RH43
[Crawford] and KEL6 [Jsa]).1 These antigens were selected
based on the availability of RBC expressing rare antigens
archived in the Immunohaematology Diagnostics labora-
tory at Sanquin. Antibody specificities were confirmed
by re-testing with two RBC expressing and two RBC not
expressing the target antigens. For patients with anti-D,
RHD genotyping was done on genomic DNA by
Multiplex Ligation-dependent Probe Amplification
(MLPA) assay according to the manufacturers’ protocol

(MRC Holland, Amsterdam, the Netherlands) using a
thermocycler (Veriti, Applied Biosystems, Nieuwerkerk
aan de IJssel, the Netherlands).2 When MLPA results
were equivocal, DNA sequencing was performed to
determine the RHD genotype. Sequence products were
analyzed on a genetic analyzer (3730xl, Applied
Biosystems).
The study was approved by the Committee on Human

Research, Publication and Ethics, Kwame Nkrumah
University of Science and Technology, and Korle Bu
Teaching Hospital and Liverpool School of Tropical
Medicine Institutional Review Boards. Patients or their
caretakers gave written informed consent to participate
in the study. 
Statistical analyses were performed using the SPSS

(IBM Corp., Armonk, NY, USA). Results for continuous
variables were presented as medians (range) and categor-
ical variables as frequencies (percentages). 
We recruited 221 Ghanaian patients (123 women and

98 men; 89% hemoglobin [Hb] SS, 10% HbSC, one
HbSD and one HbSb0-thalassemia). The median age at
enrolment was 17 years (range, 2-66 years). Patients had
received a median of three (range, 2-40) whole blood
transfusions and the median period between last transfu-
sion and study enrolment was 2.1 years (range, 6 weeks
to 55.5 years). 
Antibody screening, using standard test cells, was pos-

itive in 24 patients (10.9%) and revealed 25 antibody
specificities (Table 1). Although D antigen matching was
routine in Ghana, anti-D was present in seven patients.
RHD genotyping of these patients revealed that three
women and two men had only RHD-null alleles (three
RHD*01N.01/RHD*01N.01, one RHD*01
N.01/RHD*01N.03 and one RHD*08N.01/RHD*08N.01).
In the three D negative (D-) women, anti-D could have
been induced by a D positive (D+) pregnancy. For the
two D- men, errors in blood group typing or mistakenly
transfusing patients with D+ blood are possible causes
for the anti-D. The presence of RH variants expressing
weak D among D- African donors might have con-
tributed to these mismatched transfusions. Two patients
possessed variant RHD genes (RHD*03.04 and
RHD*04.01) associated with D+ serology and carriers of
these variants can make anti-D after D-antigen
exposure.3,4
The nine patients with D, G and s antibodies and the

three patients with pan-reactive antibodies, were not
tested against the African antigens because African test
cells lacking these antigens were not available. Of the

Letters to the Editor

2274 haematologica | 2021; 106(8)

Table 1. Specificities of the 36 red blood cell antibodies in the 35
alloimmunized multi-transfused Ghanaian patients with sickle cell
disease.
Blood                                        Antibody specificity, (n)
group                         Panel expressing                  African panel
system                          antigens more              expressing antigens 
                                        common in                     more common
                                        Caucasians                        in Africans

Rh                                   E (10); D (7); G (2)                 V/VS (2); VS (1); 
                                                                                              Goa (1); RH32 (1)
Kell                                               K (1)                                              
MNS                                             s (1)                              Dantu (3); He (2)
Unidentified                   Pan-reactive (3);                 Non-specified* (1)
                                         Non-specified* (1)                                 
*The non-specified antibodies were probably against low frequency antigens. One
patient had anti C+D.
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remaining 209 patients, eleven (5.3%) patients who did
not have alloantibodies against the standard three-cell
screen panel, had a total of eleven antibodies against
African antigens; three anti-Dantu (for one, confirmation
by a second Dantu+ test cell was not performed, due to
lack of Dantu+ cells), two anti-He, two anti-V/VS, one
anti-VS, one anti-RH32, one anti-Goa and one antibody
probably against a low frequency antigen but no plasma
was available for further investigation (Table 1).
Overall, 31.4% of alloimmunized patients had antibod-

ies against African antigens that were not detected during
standard antibody screening. Other studies in patients
with SCD have reported antibodies against African anti-
gens5-13 but these patients were transfused in the US and
Europe and thus not exclusively with blood from African
donors. Furthermore, these antibodies were encountered
during complex antibody workup, crossmatch incompat-
ibilities and hemolytic transfusion reactions rather than
through systematic screening. The antibody frequency
against African antigens in these studies ranged from
0.7% to 13.3%, with anti-V/VS, anti-Jsa and anti-Goa rep-
resenting 90% of specificities. So far, only one study in
France systematically screened a heavily transfused
patient cohort with SCD using selected African red cells.
After receiving a mean of 144 RBC transfusions (11.5%
from donors of African descent) 5.2% of 211 patients had
antibodies against African-specific antigens (MNS6,
RH10, RH20, RH23, RH30 and KEL6).14 However, unlike
our study, these patients received blood matched for
major Rh and K antigens, which precludes insight in dif-
ferences in immunogenicity of African and the classical
‘major’ blood group antigens. Surprisingly, in our study
seven of 36 (19%) antibodies were against low frequency
African antigens (i.e., Goa 2%, RH32 1%, He 1% and
Dantu 0.5% in Africans).1 This suggests that these anti-
gens are immunogenic in Ghanaians and may be more
immunogenic than antigens for which we test in the
European setting. The results from these studies stress
the importance of testing against African antigens when
patients receive transfusions from African donors. 
Antibodies in patients with SCD are notorious for their

high evanescence rate, which may be up to 60-80%.15
Because our study had a cross-sectional design, it is likely
that antibody frequency was underestimated. In the
French study, none of the eight previously detected
African antibodies, were detectable at study enrollment,
suggesting that African antibodies also have a high
evanescence rate.14 Furthermore, African antibodies have
been implicated in severe hemolytic transfusion reactions
upon receipt of transfusions with the cognate antigens.12
Our study was limited by the scarcity of test cells

expressing African antigens, so antibodies against other
African antigens, such as RH49 (STEM), GE6 (Lsa) and
CROM3 (Tcb), might have been missed.1 Furthermore,
antibodies against antigens that are more frequently
expressed on RBC of Ghanaian donors might have been
missed, because we did not specifically test Ghanaian
RBC.
Since we found African antibodies in African patients

transfused with African blood, it is also quite likely that
similar antibodies may be elicited in Caucasian patients
receiving blood from African donors and through preg-
nancy. These antibodies cannot be detected during pre-
transfusion antibody screening using standard test cells
and without performing an indirect antiglobulin cross-
match with donor cells (and many countries only per-
form type and screen). Our findings are relevant for
blood banks in Western countries since many are devel-
oping strategies to recruit more African donors. Unless

they can supply antigen compatible blood, African anti-
bodies may increasingly be missed as the pool of African
donors expands.
This is the first study to systematically screen for RBC

antibodies against African antigens in a large cohort of
transfused patients with SCD who were exclusively
transfused with blood from African donors. In order to
increase the availability of test cells with African anti-
gens, African donors should be typed, for relevant anti-
gens and then retain them as repeat donors for the prepa-
ration of test cells. As long as antigens commonly
expressed in Africans are not incorporated on the RBC
testing panel, transfusions for patients with SCD should
be cross-matched using an indirect antiglobulin test, even
when they do not have RBC antibodies using the stan-
dard three-cell screen panel.
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A phase II study of brentuximab vedotin in patients
with relapsed or refractory Epstein-Barr virus-positive
and CD30-positive lymphomas 

Epstein-Barr virus (EBV) has etiological implications in
the development of a wide range of lymphoproliferative
lesions and malignant lymphomas of B-cell or T/NK-cell
origin. Among peripheral T-cell lymphomas and diffuse
large B-cell lymphomas, EBV-associated cases have a
poorer prognosis compared to that of EBV-negative lym-
phomas.1,2 Given that CD30, a member of the tumor
necrosis factor receptor family, is frequently expressed in
EBV-infected lymphoid cells, CD30 might represent an
ideal target for the treatment of EBV-positive and CD30-
positive lymphomas. Brentuximab vedotin is an anti-
body-drug conjugate comprising the chimeric IgG1 anti-
body cAC10 specific for human CD30 and the micro-
tubule-disrupting agent monomethyl auristatin E via a
protease-cleavable linker. 
An open-label, multicenter, investigator-initiated phase

II study was designed to evaluate the activity of brentux-
imab vedotin in patients with EBV-positive and CD30-
positive non-Hodgkin lymphomas with various levels of
CD30 in the relapsed or refractory setting (registered at
Clinicaltrials.gov as NCT02388490). The optimal Simon
two-stage design was used to test the null hypothesis of
an objective response rate (ORR) of 20% against the
alternative hypothesis of a 45% ORR. According to this
design, ten patients were accrued in the first stage. Stage
II was delayed until the completion of four or more
cycles of study medication in the last subject in stage I. If
more than three responders were observed, 15 additional
patients would be accrued for a total of 25. This study
design yields a type I error of 10% and a power of 90%.
The study was approved by the institutional review
board at each participating site and written informed
consent was obtained in accordance with the Declaration
of Helsinki. 
A total of 25 patients with relapsed or refractory EBV-

positive lymphomas also positive for CD30 (≥ 1% of
tumor cells) were enrolled in this study between March
2016 and January 2018 at Seoul National University
Hospital and Seoul National University Bundang
Hospital. Positivity for EBV and CD30 expression was

reviewed by experienced hematopathologists in each par-
ticipating center and confirmed by a specialized
hematopathologist (YKJ). All patients were administered
1.8 mg/kg brentuximab vedotin intravenously every 3
weeks for up to 16 cycles or until disease progression.
Tumor measurements were assessed at screening, after
completion of cycle 2, every 6 weeks until cycle 16, and
at 4 to 8 weeks after the last dose of brentuximab
vedotin. The patients’ baseline characteristics and diag-
nostic data are presented in Online Supplementary Table
S1. The median age of the 20 men and 5 women was 67
years (range, 38-87) and most patients had EBV-positive
mature T/NK-cell neoplasms (88%). Most patients were
diagnosed at advanced stage (III or IV) and about a quar-
ter of the patients were heavily pretreated; one patient
had undergone a prior autologous stem cell transplant.
Patients received a median of nine cycles of brentuximab
vedotin (range, 1-16), and nine patients completed the
planned 16 cycles of brentuximab vedotin administra-
tion. The most common reasons for discontinuation
were progressive disease (n=14, 56%) and adverse events
(n=2, 8%). 
The primary endpoint was the ORR based on the

revised Cheson criteria or modified Severity Weighted
Assessment Tool (SWAT) criteria in the case of cutaneous
lymphomas.3,4 The ORR in the intention-to-treat popula-
tion of 25 patients was 48% (90% confidence interval
[CI]: 31%-64%) (Table 1). The amount of tumor shrink-
age of the target lesion from baseline for individual
patients is shown in Figure 1. The correlation of CD30
expression level with the clinical response was assessed
according to subgroup analysis. However, CD30 expres-
sion levels and ORR were not considerably different,
although clinical responses were noted across all expres-
sion levels (Table 1). 
Secondary objectives of the study were to evaluate the

safety profile, progression-free survival, duration of
response, and overall survival. The duration of response
was assessed in 12 patients who had objective responses
and the median duration was 10 months (95% CI: 4.2-
21.0). The response continued even after the completion
of the planned 16 cycles of brentuximab vedotin admin-
istration in three of these 12 patients (25%) at the time of
data cut-off. The median duration of follow-up was 20
months (range, 1.7-30.4 months). For the intention-to-
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Table 1. Clinical outcomes of brentuximab vedotin treatment according to lymphoma subtype and CD30 expression.
                                                                                Lymphoma subtype                                                           CD30 expression
                                        All                   Mature T/NK cell          Mature B cell                    < 10%                        10-49%                        ≥ 50%
                                    (n=25)                         (n=22)                          (n=3)                          (n=13)                          (n=5)                           (n=7)

ORR                                      48%                                   46%                                   67%                                   46%                                   60%                                   43%
CR                                         20%                                   18%                                   33%                                   15%                                   60%                                    0%
                                             (n=5)                               (n=4)                               (n=1)                               (n=2)                               (n=3)                              (n = 0)
PR                                         28%                                   27%                                   33%                                   31%                                    0%                                    43%
                                             (n=7)                               (n=6)                               (n=1)                               (n=4)                               (n=0)                              (n = 3)
DoR (months)                   10.1                                     9.7                                      2.2                                     10.5                                     8.7                                      5.0
                                  (95% CI: 4.2-NE)           (95% CI: 7.1-12.4)              (95% CI: NE)              (95% CI: 3.7-17.2)          (95% CI: 3.9-13.6)           (95% CI: 0.6-9.3)
PFS (months)                     6.1                                     6.1                                      3.0                                      5.5                                      9.7                                      6.1
                                 (95% CI: 2.8-13.5)            (95% CI: 0-13.9)             (95% CI: 0.5-5.5)             (95% CI: 0-15.3)             (95% CI: 0-24.3)             (95% CI: 0-14.6)
OS (months)                      15.6                                    15.7                                    NE                                    11.1                                    NE                                    21.1
                                  (95% CI: 6.1-NE)           (95% CI: 4.2-27.1)                                                     (95% CI: 0.8-21.5)                                                         (95% CI: NE)
ORR: objective response rate; CR: complete remission; PR: partial remission; SD: stable disease; PD: progressive disease; DoR: duration of response; PFS: progression-free sur-
vival; OS: overall survival; NE: not estimable; 95% CI: 95% confidence interval.



treat population, the median progression-free survival
and overall survival were 6·2 months (95% CI: 2.9-13.6)
and 15.7 months (95% CI: 6.1-not reached), respectively
(Online Supplementary Figure S1A, B). As of January 2,
2019, 13 patients had died of disease progression.
Pretreatment serum samples were collected from the
whole blood of all patients. The level of soluble CD30
(sCD30) was determined using an enzyme-linked
immunosorbent assay. The median value of sCD30 was
99.03 ng/mL (range 2.67-2155.78 ng/mL), and the ORR
in the groups with high sCD30 (≥ 99.03 ng/mL) and low
sCD30 (<99.03 ng/mL) were not significantly different
(46% vs. 50%; P=0.85). In addition, the sCD30 level was
not significantly associated with either progression-free
survival or overall survival (Online Supplementary Figure
S1C, D).

Adverse events were graded according to the National
Cancer Institute Common Terminology Criteria for
Adverse Events (NCI CTCAE), version 4.03. Treatment-
related adverse events are summarized in Online
Supplementary Table S2. All patients except for one had
adverse events of any grade, among which 45% were
considered treatment-related by the investigators. Nine
patients (36%) had 15 serious adverse events during the
study. The most common treatment-related adverse
events were peripheral neuropathy (48%), neutropenia
(44%), thrombocytopenia (20%), and rash (16%). The
most common treatment-related adverse events of grade
3/4 were neutropenia (20%), thrombocytopenia (12%),
and anemia (8%). Overall, the grade 3/4 adverse events
were manageable with the standard guidelines and
patients recovered completely. 

To explore the potential molecular biomarkers and

resistance mechanisms, DNA obtained from formalin-
fixed paraffin-embedded tumor tissues was deeply
sequenced using a customized multigene panel test com-
prising 120 genes. The mutational profiles of 18 tumors
in 14 patients are summarized in Figure 2. The samples of
tumor tissue were taken pretreatment from ten patients
and both before and after  treatment with brentuximab
vedotin from four patients. A majority of patients (n=8,
57%) carried TET2mutations and five patients (36%) car-
ried RHOA mutations. In addition, DMNT3A and IHD2
mutations were detected in four and three patients,
respectively. Among the four patients with genomic pro-
files from paired pre- and post-treatment samples, a
novel TRAF3D483E mutation (variant allele frequency,
5.2%) was only identified in resistant tumors of patient
SNU20. In addition, CARD11V1073M (variant allele fre-
quency, 3.18%) mutations were acquired at disease pro-
gression in patient SNU13.
In this phase II study, the clinical activity of brentux-

imab vedotin in relapsed or refractory EBV-positive and
CD30-positive non-Hodgkin lymphomas was significant
and durable with an ORR of 48% and a duration of
response of 10.1 months, and thus met the primary end-
point. In addition, brentuximab vedotin was well tolerat-
ed with manageable toxicities in these heavily pretreated
patients with advanced diseases. 
Several studies with brentuximab vedotin alone or in

combination with chemotherapy have shown its remark-
able success in Hodgkin lymphoma and systemic
anaplastic large cell lymphoma with high CD30 expres-
sion in both the frontline as well as refractory settings.5-8

These previous studies provided the scientific rationale
for considering that brentuximab vedotin might be active
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Figure 1. Response to brentuximab vedotin. Waterfall plot of maximum percent change in tumor size of target lesions from baseline. NK: natural killer; NOS: not
otherwise specified; EBV: Epstein-Barr virus; DLBCL: diffuse large B-cell lymphoma.
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against other lymphomas expressing CD30 at varying
rates (0-100%). So far, brentuximab vedotin has shown
promising results in relapsed or refractory diffuse large 
B-cell lymphoma, T-cell lymphomas, and mycosis fun-
goides/Sézary syndrome.9-12 The ORR of our study was
similar to that of a previous study in relapsed and refrac-
tory T-cell lymphomas.10 However, considering the poor
prognostic group of EBV-positive lymphomas in our
study, the survival outcomes were encouraging and sup-

port the use of brentuximab vedotin for CD30-positive 
T- and B-cell lymphomas listed in National
Comprehensive Cancer Network guidelines.
Although the nuclear factor kappa B (NF-kB) and mito-

gen-activated protein kinase pathways are known to be
involved in CD30-mediated signaling,13 pleiotropic
effects were observed in vitro after stimulation with
CD30L or the monoclonal antibody Ki-1.14 This suggests
that the CD30 signaling pathway might be differentially
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Figure 2. Mutational profiles of 14 patients in this trial. Samples for 14 patients, including four pairs of sequentially acquired samples, were subjected to tar-
geted sequencing encompassing 120 lymphoma-associated genes. *Patient SNU22 was initially diagnosed as having extranodal NK/T-cell lymphoma according
to the patient’s referral record from another hospital. CR: complete remission; PR: partial remission; SD: stable disease; PD: progressive disease; AITL: angioim-
munoblastic T-cell lymphoma; PTCL: peripheral T-cell lymphoma; ENKTCL: extranodal NK/T-cell lymphoma, nasal type; EBV+ LPD: Epstein-Barr virus-positive T-
cell lymphoproliferative disorders.



regulated depending on the cell type or tumor microenvi-
ronment. This would partly explain why other lym-
phomas, albeit with high CD30 expression, are not as
responsive as Hodgkin lymphoma and systemic anaplas-
tic large cell lymphoma, as evident from recent studies,
thereby showing no clear relation between CD30 expres-
sion and clinical response.9-11 Conversely, even if CD30
expression was very low, tumor response was observed.
Furthermore, tumor heterogeneity or unrevealed mecha-
nisms of resistance may also contribute to the irrelevance
of CD30 expression and efficacy of brentuximab vedotin.
A recent study demonstrated that A20 negatively regu-
lates the NF-kB pathway, and upregulation of NF-kB
activity mediates resistance to brentuximab vedotin in
Hodgkin lymphoma cell lines.15 In this study, targeted
sequencing of paired tumor tissues revealed CARD11 and
TRAF3 mutations related to constitutive NF-kB activa-
tion, and the mutations were identified as possible resist-
ance mechanisms to brentuximab vedotin. 
In conclusion, brentuximab vedotin alone demonstrat-

ed significant and durable clinical activity with a manage-
able toxicity profile in relapsed or refractory EBV-positive
and CD30-positive non-Hodgkin lymphomas. However,
the results of this study, including correlative outcomes,
should be interpreted cautiously because of the small
number of patients, the single-arm design as well as the
heterogeneous group of diseases. Thus, brentuximab
vedotin warrants further investigational study, either as
monotherapy or in combination, on a larger scale in this
patient population.
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Dynamic contrast-enhanced magnetic resonance
imaging quantification of leukemia-induced changes
in bone marrow vascular function

In this study we show that dynamic contrast enhanced
(DCE) magnetic resonance imaging (MRI) can quantify
the impact of human acute myeloid leukemia (AML) on
bone marrow (BM) vasculature by optimizing an in vivo
DCE-MRI method and assessing the method’s diagnostic
and prognostic potential.
AML, the most common acute leukemia in adults,1 is

a very heterogeneous disease with regard to both its
genetic basis and outcome of treatment. The BM
microenvironment is important because leukemia cells
are able to change the functions of normal tissues, favor-
ing proliferation of the cells and protecting them from
external harm.2-4 BM vascular remodeling induced by
AML cells favors a more hypoxic microenvironment,4
and is thought to protect leukemia stem cells from thera-
py, being a poor prognostic factor in AML.5,6 Most pre-
clinical studies use microscopy-based methods to assess
environmental changes, namely vascular leakiness and
perfusion,7,8 leaving little space for direct translation of
the optimized methodology. In the clinic, perfusion imag-
ing is an important tool in the diagnosis and management
of various diseases. The advantages of using MRI for per-
fusion imaging are its superiority in terms of soft tissue
contrast, absence of ionizing radiation (compared to
computerized tomography and nuclear imaging such as
positron emission tomography and single photon emis-
sion computed tomography) and the possibility of imag-
ing larger body areas or even the whole body. DCE-MRI
is a method commonly used to measure perfusion.9 DCE-
MRI quantifies signal changes due to the passing of a
contrast agent through the imaging area. By modeling the
signal kinetics, it is possible to quantify vascular parame-
ters such as perfusion, leakiness, and blood volume. Even
though it has been around for over 20 years, DCE-MRI
has not yet been fully implemented in many clinical path-
ways because of the lack of standardization in image
acquisition and analysis methods, rendering it mostly a
research-based tool. 
We used DCE-MRI to quantify the impact of human

AML on BM vasculature in an animal model. In-house
MatLab scripts were used to quantify non-model-based
parameters taken directly from the contrast agent kinetic
curves (see below). The parameters quantified are illus-
trated in Figure 1A. Changes in the first part of the DCE
curve reflect blood flow and blood volume, while
changes in the second part of the DCE curve reflect
changes in vascular permeability and extravascular space
(Figure 1A).9
We have previously reported that leukemia induces BM

vascular leakiness, using intravital imaging of the cal-
varia,4 which was not observed in mice injected with
cord blood (Online Supplementary Figure S1A, B), when
compared to healthy, age-matched mice that were not
injected (NI). To test the sensitivity of DCE-MRI in quan-
tifying leukemia-induced BM vascular dysfunction, three
different leukemia cell lines were used (U937, HL60, and
ML1), and mice were scanned at different stages of the
disease (Online Supplementary Figure S1C). When com-
pared to healthy, age-matched NI controls, leukemia
mice showed altered BM DCE kinetics (Figure 1B), with
reduced contrast enhancement (CE; BM vascular densi-
ty), reduced wash-in rate (WiR; blood flow), increased
initial wash-out rate and wash-out rate (iWoR and WoR;
vascular permeability and extravascular space) (Figure

1C). BM vascular dysfunction was not dependent on high
leukemia burden, as even low levels of leukemia engraft-
ment (<20% mCD45–hCD33+ cells present in the BM)
significantly altered BM vascular function (Figure 1C,
open circles). Leukemia is known to promote angiogene-
sis, but with disorganized and leaky vessels.2,4,10 The
reduced CE in our leukemia cohort is in agreement with
this, as CE relates to the proportion of functional blood
vessels per pixel. With deregulated BM vascular parame-
ters correlating with aging in healthy mice (Online
Supplementary Figure S1D), we compared younger (12-16
weeks) versus older (19-32 weeks) mice to understand
whether age was affecting leukemia-induced BM vascu-
lar dysfunction. As shown in Online Supplementary Figure
S1D, older, NI mice showed significantly reduced BM
vascular density and increased BM vascular permeability,
but we observed no effect of age in leukemia-injected
mice (Figure 1C). This indicates that aging and leukemia
seem to alter BM vascular permeability (WoR) and func-
tional density (CE) to a similar extent. However,
decreased BM blood flow/perfusion (WiR) seems to be a
leukemia-specific effect, as it was the only parameter
unaltered by aging (Online Supplementary Figure S1E). In
fact, receiver operating characteristic (ROC) analysis
highlighted WiR as the best parameter for distinguishing
healthy from leukemic BM (Figure 1D; AUCWiR = 1.000). 
Differences in vascular density and function between

different areas of the bone have been reported.3 Using
intravital two-photon imaging of the calvaria, we con-
firmed that at early stages of the disease the areas of
leukemia engraftment (GFP+ cells) coincided with areas of
reduced perfusion and irregular vessel structure, confirm-
ing a heterogeneous vascular dysfunction linked with
leukemia burden (Online Supplementary Figure S1F). For
this reason, we hypothesize that averaged DCE-MRI
parameters could have some limitations in heteroge-
neous and low-engrafted mice. To obtain a detailed pic-
ture of DCE-MRI-measured vascular aberrations and
evaluate their spatial distribution along the femur, we
performed pixel-by-pixel (pbp, with each pixel corre-
sponding to an area of ~200 mm) analysis for three DCE-
MRI parameters: CE, WiR, and WoR. NI mice present a
homogeneous distribution of functional vessels in the
epiphysis and along the endosteum of the diaphysis
(Figure 1E, CE); high vascular perfusion in the central
marrow of the diaphysis (Figure 1E, WiR), and higher vas-
cular permeability at the epiphysis and in proximity with
the endosteum of the diaphysis. In the presence of AML,
there is an aberrant, heterogeneous distribution of these
parameters along the femur. In groups injected with
HL60 and ML1, pbp analysis highlighted areas (pockets)
with severe vascular dysfunction (Figure 1E, white rec-
tangles), surrounded by less affected vasculature.
Importantly, areas that showed lower functional vascular
density (low CE) corresponded to areas in which both the
vascular perfusion (WiR) and permeability (WoR) were
mostly affected (Figure 1E, white rectangles). In the
group injected with U937 cells, there were no obvious
pockets of vascular dysfunction, with this being present
throughout the femur. Thus, our pbp analysis approach
was successful in resolving the spatial distribution of vas-
cular parameters along the femur and unveiling the het-
erogeneity of vascular dysfunction in AML xenografts.
To further test the clinical potential of BM DCE-MRI,

we scanned mice engrafted with samples from AML
patients (i.e., with patient-derived xenografts, PDX).
Different AML samples had different engraftment capac-
ities (Online Supplementary Figure S2A) and DCE kinetics
(Figure 2A), echoing the heterogeneous nature of this dis-
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ease. Mice injected with AML1 had the highest degree of
vascular dysfunction (Figure 2A, B), which could also be
seen in the pbp analysis (Figure 2C, AML1). Mice from
the remaining AML PDX experiments showed no signif-
icant changes in CE or WoR, when compared to age-
matched controls (old NI mice), similarly to the results
from the experiments with AML cell lines (Online
Supplementary Figure S1E). However, grafts from all the
AML patients induced a significant deregulation of the
four DCE-MRI parameters compared to those in young
NI controls (Figure 2B). As hypothesized, averaged DCE-
MRI vascular parameters were not sensitive enough to
detect altered BM vasculature in the AML PDX model of
low disease burden (<20% hCD33+ cells present in the
BM) (Figure 2B, open circles), a limitation that we were
able to overcome with pbp analysis (detailed below). Our
data highlight the heterogeneous nature of the primary
disease compared to cell line models. However, regard-
less of the broad spectrum of vascular dysfunction, the
reduction in BM vascular perfusion (WiR) was again the
most significantly affected parameter (Figure 2B) in AML
PDX, with ROC curve analysis showing that WiR is of
clinical relevance in distinguishing normal from leukemic
BM (Online Supplementary Figure S2B). 
To determine whether DCE-MRI could be used to

monitor the BM vascular response to chemotherapy,
PDX cohorts were treated with a standard chemotherapy
protocol and analyzed during the remission phase.
Although cytarabine significantly reduced leukemia bur-
den (Online Supplementary Figure S2C), it did not rescue
the altered BM vascular phenotype. BM vascular
response to cytarabine treatment was diverse, with some
groups showing partial rescue (AML1, AML2), and other
groups showing no effect at all (Online Supplementary
Figure S2D).
Pbp analysis showed that vascular dysfunction in some

AML samples was located in the whole or most of the
diaphysis (AML1, AML3), while in others it was located
in small pockets (AML2). Mice injected with sample
AML1 exhibited severe BM vascular dysfunction
throughout the whole diaphysis, with hardly any per-
fused pixels (Figure 2C). Cytarabine treatment partly res-
cued the lack of vascularity in the diaphysis but could not
rescue either the vascular perfusion or permeability
(Figure 2C, AML1). Even though AML3 did respond to
cytarabine treatment (Online Supplementary Figure S2C), it
showed great similarities with AML1 in terms of most of
the vasculature in the diaphysis being compromised,
with little to no perfused pixels corresponding to high
vascular permeability areas (Figure 2C, AML3). AML4
and AML5 showed similar patterns of pixel distribution.
Before therapy, both AML samples showed a modest
effect on BM vasculature, and for both samples, cytara-
bine treatment seemed to worsen the phenotype for both
perfusion and permeability (Figure 2C, AML4 and
AML5).  

Imaging the microenvironment can provide important
insights and has diagnostic power.11,12 In leukemia, clini-
cal imaging is not part of the routine follow-up of
patients, although clinical studies have shown the utility
of DCE-MRI.5,13 Our preclinical imaging data, focusing on
femoral BM, sheds some lights on the nature of the vas-
cular microenvironment involvement in AML at diagno-
sis and during remission, and our in-house image analysis
pipeline maximizes the translational potential of the
technique, without the need of complex modeling analy-
sis. This strategy resolves the caveats encountered with
standard model-based quantification of the parameters,
whose clinical relevance depends strongly on the mathe-
matical model chosen.14 Our results pave the way for the
implementation of a novel human BM tailored DCE-MRI
model which would help to provide an absolute or cor-
relative biomarker in clinical settings. Among the various
parameters analyzed, the WiR has the best diagnostic
potential as measured by ROC analysis. This could
potentially be helpful in the scenario of long-term dis-
ease, patients’ refusal to have a bone marrow puncture,
or high-risk and/or older patients in whom frequent and
thorough follow-up monitoring might be a value. Future
clinical investigations will be needed to formally address
the utility of this technique. 
We were also able to show that vascular dysfunction

occurs in healthy aging. Recent reports suggest that a
damaged BM niche could have a role in the aging process
of the hematopoietic system.15 High vascular permeabili-
ty being associated with increased HSC activation and
egress from the niche,8 our data are in line with these
findings and point to a possible therapeutic benefit from
restoring normal vascular functionality.
All animal experiments in this study were performed

under the project license (PPL 70/8904) approved by the
UK Home Office and in accordance with the Francis
Crick Institute AWERB (Animal Welfare and Ethics
Review Board) guidelines. NOD.Cg-PrkdcscidIl2rgtm1WjI
(NSG) strains were obtained from Jackson Laboratory
(Bar Harbor, ME, USA) and were bred in-house.
Cell lines (HL60, ML1, U937) came originally from the

American Type Culture  Collection (distributor LGC stan-
dards, UK) and were grown by our cell service at the
Institute. Before use, these lines were authenticated using
short tandem repeat profiling. Once authenticated, 2x106
cells per mouse were injected intravenously into NSG
mice of different ages. BM engraftment was assessed by
FACS analysis of BM aspirate 2-4 weeks after injection.
For specific experiments, cell lines were transfected with
GFP-Luciferase lentivirus vector, as previously described.4
The collection and use of all human samples were

approved by the East London Research Ethical
Committee (REC:06/Q0604/110) and performed in
accordance with the Declaration of Helsinki. Umbilical
cord blood samples were obtained from normal full-term
deliveries after signed informed consent. 
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Figure 1. Bone marrow vascular changes in aging and leukemia cell line models, measured by dynamic contrast enhanced magnetic res-
onance imaging. (A) Schematic representation of a dynamic contrast enhanced magnetic resonance imaging (DCE-MRI) time intensity curve
and the parameters measured. The table explains what each parameter relates to. (B) Bone marrow (BM) DCE-MRI time intensity curves of
non-injected mice (black), mice injected with HL60 (red), ML1 (blue) or U937 (olive green). (C) Quantification of BM DCE-MRI parameters CE,
WIR, WoR, and iWoR in non-injected mice (NI) and mice injected with either HL60, ML1 and U937. White circles represent mice with a
leukemia burden <20%. Each dot represents one mouse. White columns represent the average of the group and error bars represent the
standard deviation of the mean. (D)  Receiver operating characteristic analysis of the diagnostic capabilities of the BM DCE-MRI parameters
to distinguish malignant from non-malignant BM in the cell line model. (E) Pixel by pixel analysis of BM DCE-MRI parameters showing
leukemia-induced changes to the BM tissue. For the HL60 and ML1 groups, white rectangles represent the same area in the BM. MR: mag-
netic resonance; NI: not injected: AUC: area under the curve; CE: contrast enhancement; WiR: wash-in rate; WoR: wash-out rate; iWoR: initial
wash-out rate; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
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AML samples were obtained after informed consent at
St Bartholomew’s Hospital (London, UK). T-cell depleted
AML samples were injected intravenously into 8- to 12-
weeks old unconditioned NSG mice (2x106 cells per
mouse). Ten to 14 weeks after injection, mice were treat-
ed with a daily subcutaneous injection of cytarabine (10
mg/kg) for 7 consecutive days. Response to treatment
response was assessed 2 weeks after the start of treat-
ment, by flow cytometry analysis of BM aspirates.
At the end of each experiment, animals were eutha-

nized and  bone processed as already reported for FACS
analysis.4 The antibodies used were anti-mouse CD45-
PerCPCy5 (1:200, eBioscience, #45045182); anti-human
CD33-PE (1:100, BD Pharmingen, #555450); anti-human
CD45- APC-eFluor 780 (1:100, eBioscience, #47045942).
Flow cytometry analysis was performed using a Fortessa
flow cytometer (BD Biosciences, Oxford, UK). 
For magnetic resonance imaging, mice injected with

leukemia cell lines were scanned 2-4 weeks after injec-
tion. Mice injected with AML patients’ samples were
scanned before and after treatment with cytarabine. MRI
was performed on a 9.4 T horizontal bore system (Bruker
GmbH) equipped with a B-GA12SH gradient coil system.
RF transmission and reception were performed with a 40
mm ID quadrature birdcage coil (Bruker GmbH). A series
of fast low-angle shot (FLASH) scans were used for femur
localization and for slice positioning. 
DCE scans were performed using a FLASH with the

following parameters: repetition time = 17.639 ms; echo
time = 1.859 ms; flip angle = 10°; repetition = 1100; field
of view 30x30x0.5 mm3; matrix 128x128, and resolution
of 234 µm. Dotarem (0.4 mL/Kg, Guerbet, France) was
injected 4 min after the start of the scan. The total dura-
tion of the scan was 41 min. All mice were placed in a
head-first prone position for imaging. Anesthesia was
induced and maintained using isoflurane (1-4%) in room
air supplemented with oxygen (80%/20%). Temperature
and respiration rate were monitored using an SA
Instruments system (Bayshore, NY, USA). 
To assess vascular perfusion in BM vessels by two-pho-

ton microscopy, we used a previously described
protocol.4 Images were obtained on a Zeiss 710 NLO
laser scanning multiphoton microscope with a 20x 1.0
NA water immersion lens. The bone signal (second har-
monic generation) was collected at 380-485 nm; GFP sig-
nals from AML cells was collected at 500-550 nm; the
signal from Qtracker® 655 Vascular Label was collected at
640-690 nm by not descanned detectors. Each z stack of
images (100-150 mM) was rendered in three dimensions
using Imaris software (Bitplane).
We used Matlab 2019a for all DCE-MRI image analyes.

One region-of-interest (ROI) was drawn for the BM and
another for the muscle, per scan, per mouse. The signal
in each ROI was then averaged and normalized to its
baseline, so that it reflected percentage change from
baseline. Signals from frames 3-90 were used as baseline.

The muscle ROI was used as the internal control to rule
out problems with the injection and/or systemic issues
with blood circulation. Mice that showed abnormal DCE
muscle kinetics were excluded from the analysis.

Parameters quantified from DCE time intensity curves
were CE, WiR,  WoR and iWoR. The CE was quantified
as the percentage signal difference between baseline and
maximum value from frames 95-300. The WiR was
determined from the slope of the linear fit between the
frame at which CE was reached and the frame at which
the signal started to increase. The WoR was determined
from the slope of the linear fit between the frame at
which CE was reached and the end of the scan. The
iWoR was determined from the slope of the linear fit
between the frame at which CE was reached and the
frame 5 mins later; Pbp analysis was done using the
same scripts but applying them to every pixel inside of
the bone marrow ROI.
Statistical differences in parameters between mice

groups were calculated using two-tailed unpaired t-tests.
Correlation analysis was done using two-tailed Pearson
correlation analysis. ROC curves were calculated using
the Wilson/Brown method. 
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Figure 2. Dynamic contrast enhanced magnetic resonance imaging can help to distinguish normal from leukemic bone marrow in acute
myeloid leukemia patient-derived xenograft models. (A) Bone marrow (BM) dynamic contrast enhanced magnetic resonance imaging (DCE-
MRI) time intensity curves of non-injected young mice (NI, black), non-injected age-matched mice (NI, dashed black) and mice injected with
samples from patients 1-5 with acute myeloid leukemia (AML1-AML5). (B) Quantification of the BM DCE-MRI parameters contrast enhance-
ment, wash-in rate, wash-out rate and initial wash-out rate for the mice represented in (A). White circles represent mice with leukemia bur-
den <20%. Each dot represents one mouse. White columns represent the average of the group and error bars represent the standard devi-
ation of the mean. (C) Pixel by pixel analysis of BM DCE-MRI parameters from mice in Online Supplementary Figure S1F, showing leukemia-
induced changes to the BM tissue. White rectangles represent the same area in the BM for that specific mouse. MR: magnetic resonance;
NI: not injected; BM: bone marrow; AML: acute myeloid leukemia; DCE-MRI: dynamic contrast enhanced magnetic resonance imaging; CE:
contrast enhancement; WiR: wash-in rate; WoR: wash-out rate; iWoR: initial wash-out rate; *P<0.05; **P<0.01; ***P<0.001;
****P<0.0001.
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Non-inhibitory antibodies inducing increased 
emicizumab clearance in a severe hemophilia A
inhibitor patient 

Hemophilia A is a bleeding disorder that results from
coagulation factor VIII (FVIII) deficiency, which can be
treated via substitution therapy using FVIII concentrates.
However, the generation of neutralizing antibodies ren-
ders treatment ineffective in up to 30% of the severe
patients.1,2 Emicizumab is a humanized bispecific anti-
body that binds simultaneously to activated factor IX
(FIXa) and factor X (FX), thereby mimicking the cofactor
function of activated factor VIII (FVIIIa), even in the pres-
ence of FVIII inhibitors.3,4 Once-weekly subcutaneous
administration of emicizumab markedly decreased the
bleeding rate in patients who had hemophilia A with or
without FVIII inhibitors.5-8 However, anti-drug antibodies
with neutralizing potential can develop in a small num-
ber of patients and have been associated with decreased
emicizumab plasma concentrations and loss of effica-
cy.9,10 Although the development of neutralizing anti-
emicizumab antibodies is rare and routinely biological
monitoring is not recommended in patients treated with
emicizumab, it is still important to detect the presence of
such antibodies in case of bleeding events. In this study,
we describe the development of non-inhibitory anti-emi-
cizumab antibodies that selectively provoke increased
emicizumab clearance in a severe hemophilia A patient
with inhibitors.
A 2-year-old boy with severe hemophilia A developed

an anti-FVIII inhibitor (1 BU/mL) at 19 exposure days.
The patient failed to respond to immune tolerance induc-
tion and venous access became extremely complicated.

Treatment with emicizumab was therefore initiated with
four loading doses (3 mg/kg/week) followed by weekly
treatment (1.5 mg/kg/week). Clinical outcomes were
excellent with no bleeding episodes or bruising. Blood
samples were taken as part of routine care, with excess
being stored for research (The Hôpital Necker’s hemo-
philia bio-library/Necker Biobank, registration number:
DC-2009-955; procedure is in accordance with the
Helsinki declaration and participants gave written
informed consent). Analysis revealed emicizumab con-
centrations in the expected range (66 mg/mL 52 days after
emicizumab initiation),5 and a dramatic decrease in acti-
vated partial thromboplastin time (APTT) ratio (0.74,
normal range <1.2) was measured (Figure 1).
A spontaneous hemarthrosis of the ankle occurred 6

months after emicizumab initiation, which was con-
firmed via clinical examination and ultrasound evalua-
tion. Simultaneously, the APTT-ratio rose to 2.67, and
circulating emicizumab concentrations were below 
1  mg/mL (Figure 1). Hence, the development of anti-emi-
cizumab antibodies was suspected, and the presence of
emicizumab-specific immunoglobulin G (IgG) in the
patient’s serum was analyzed in immunosorbent assays,
using normal serum and IgG-depleted patient serum as
controls. Binding of IgG to immobilized emicizumab 
(5 mg/mL) was determined using isotype-specific peroxi-
dase-labeled monoclonal antibodies. Whereas no specific
IgG2 or IgG3 anti-emicizumab antibodies were detected,
the patient’s serum was indeed enriched in anti-emi-
cizumab antibodies of the IgG1 subtype (Figure 2A 
and B). We could not test for IgG4 antibodies, since emi-
cizumab is of this subtype.3

Treatment of the hemarthrosis included rFVIIa and oral
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Figure 1. Evolution of APTT and emicizumab plasma concentration over time. At indicated time points, blood samples were taken from the patient. Plasma was
then analyzed for APTT (left Y-axis, blue circles) and emicizumab concentration (right Y-axis; red circles). Arrow 1 indicates bleeding event; arrows 2-3 indicate
periods of cortico-therapy (2: 1 mg/kg/day for 48 hours during day 187-189; 3: 2 mg/kg/day during 3 weeks during days 194-214, with progressive decrease
in dosing). ATPP: activated partial thromboplastin time.
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Figure 2. Characterization of anti-emicizumab antibodies. (A and B) Emicizumab was immobilized (5 mg/mL) and incubated with control serum (blue), patient
serum (red) or immunoglobulin G (IgG)-depleted patient serum (black). Bound anti-emicizumab antibodies were probed using peroxidase-labeled IgG-subtype
specific antibodies, and detected via 3,3’,5,5’-tetramethyl benzidine (TMB) hydrolysis. For panel A, samples were diluted 256-fold, and response was normalized
to that of normal plasma, which was arbitrarily set at 1. For panel B, the dose-response for binding of IgG1 antibodies to emicizumab is shown. (C) Emicizumab
(25 mg/mL) was incubated in the absence or presence of various dilutions of control serum (blue circles) or patient serum (red circles). Presented is the per-
centage residual emicizumab activity relative to the absence of serum as measured in a chromogenic factor VIII (FVIII)-activity assay using human FIXa and factor
X (FX). (D) Binding of bt-emicizumab (50 mg/mL) to immobilized factor IX (FIX) (5 mg/mL) was performed in the absence or presence of various dilutions of control
serum (blue circles) or patient serum (red circles). Bound bt-emicizumab was probed with peroxidase-labeled streptavidin and detected via TMB hydrolysis.
Shown is the percentage residual FIX binding relative to the absence of serum. (E) Binding of bt-emicizumab (10 mg/mL) to immobilized FX (5 mg/mL) was per-
formed in the absence or presence of various dilutions of control serum (blue circles) or patient serum (red circles). Bound bt-emicizumab was probed with per-
oxidase-labeled streptavidin and detected via TMB hydrolysis. Shown is the percentage residual FX binding relative to the absence of serum. Statistical assess-
ment was performed using multiple t-test analysis between control and patient serum. Stars indicate P<0.05 as analyzed in a multiple t-test comparing control
serum and patient serum. (F) Immuno-deficient mice received bt-emicizumab (0.25 mg/kg) alone (orange circles) or in the presence of control serum (100 mL;
blue circles) or patient serum (100 mL; red circles) via intravenous injection in the retro-orbital plexus. At indicated time points, samples were taken and plasma
was analyzed for the presence of residual bt-emicizumab. Presented is the percentage of residual bt-emicizumab relative to bt-emicizumab alone at 3 minutes
after injection, which was arbitrarily set at 100%. Lines were generated by fitting the data to an equation describing a single-exponential decay. Data represent
the mean ± standard deviation of three experiments. 
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corticoids (1 mg/kg/day for 48 hours [h] to reduce peri-
articular inflammation). A minor increase in emicizumab
concentrations (1.7 mg/mL) and reduction in APTT-ratio
(1.44) was observed (Figure 1), suggesting a potential cor-
tico-sensitivity of the anti-emicizumab antibody-produc-
ing plasmocytes. Although no bleeds were observed dur-
ing a 3-week period, emicizumab levels remained unde-
tectable following a short corticosteroid therapy 
(2 mg/kg/day, conform to the management of children’s
immunologic thrombocytopenic purpura).
Corticosteroid-therapy was therefore halted. Since anti-
emicizumab antibodies have been reported to be tran-
sient in some patients,11 emicizumab therapy 
(1.5 mg/kg/week) was continued for 3 months. As no
improvement was observed, emicizumab therapy was
terminated.
In order to further characterize the anti-emicizumab

antibodies, additional tests were performed. We next
analyzed eventual inhibition of emicizumab activity
using the chromogenic activity assay (Biophen FVIII:C
activity assay [ref 221402]; Hyphen BioMed, Andresy,
France). Surprisingly, no reduction in emicizumab activity
was observed, irrespective of whether normal or patient
serum was tested (Figure 2C). Similar data were obtained
using a one-stage clotting assay, suggesting that the anti-
emicizumab antibodies are essentially non-inhibitory. 
This was further assessed by analyzing binding of

biotinylated (bt)-emicizumab to immobilized purified
recombinant FIX (Pfizer, Paris, France) or plasma-derived
FX (Cryopep; Montpellier, France). Biotinylation was per-
formed using the NHS-PEO4-biotin kit (ref: UPR2027B;
Griener Bio-one; Frickenhausen, Germany) without loss
of cofactor activity. No inhibition of emicizumab binding
to FIX was observed with normal or patient serum
(Figure 2D). However, a modest inhibition of emicizum-
ab binding to FX was observed using patient serum
(Figure 2E). Maximal inhibition was 35±20% (n=4,
P=0.0124 compared to normal serum) using 5-fold dilut-
ed serum. The absence of a dominant inhibitory effect on
the interactions between emicizumab and FIX/FX is com-
patible with the non-inhibitory nature of the patient’s
anti-emicizumab antibodies in the activity assays.
Indeed, a modest decrease in emicizumab-FX complex
formation would still allow for sufficient ternary complex
to be formed (555 pM vs. 851 pM in the absence of
inhibitor, when calculated according to Kitazawa et al.).12
We previously showed that a threshold of about 300 pM
ternary complex is needed to produce sufficient hemosta-
tic activity in vivo.13
As low emicizumab levels in the patient can be

explained by an increased clearance, we determined sur-
vival of bt-emicizumab in the absence or presence of
serum in immuno-deficient mice. Bt-emicizumab was
added to 0.9% NaCl, 100 mL control serum or 100 mL
patient serum (both 5 mg per 100 mL), and incubated for
30 minutes (min) at ambient temperature. Mixtures were
then injected via the retro-orbital plexus (at a dose of 0.25
mg/kg bt-emicizumab) to male NOD.CB17-
Prkdcscid/NCrHsd-mice (age 9 weeks; ENVIGO, Gannat,
France). Housing and experiments of NOD.CB17-
Prkdcscid/NCrHsd-mice were performed in accordance
with French regulations and the experimental guidelines
of the European Community. Experimentation was
approved by the local ethical committee of the Université
Paris-Sud (Comité d’Éthique en Experimentation
Animale no. 26, protocol APAFIS#4400-
2016021716431023v5). Blood samples were taken at 15
min, 6 h, 24 h and 48 h after infusion. Plasma was used
to determine residual bt-emicizumab levels in an

enzyme-linked immonosorbent assay (ELISA) in which
streptavidin-coated microtiter wells were incubated with
plasma samples, and bound bt-emicizumab was probed
using peroxidase-labeled anti-human IgG4-Fc antibodies.
No difference in the disappearance from the circulation
was found between bt-emicizumab alone or the bt-emi-
cizumab/normal serum combination (t1/2=8.5 h and 8.3 h,
respectively; Figure 2F). In contrast, bt-emicizumab was
eliminated significantly faster in the presence of patient
serum (t1/2=2.2 h; P=0.0013; Figure 2F), with no bt-emi-
cizumab detectable at 48 h after infusion (compared to
21% for both other conditions). It, thus, seems that the
main effect of the anti-emicizumab antibodies is to accel-
erate clearance of emicizumab.
Contrary to previously reported inhibitors of emi-

cizumab, we here describe the presence of antibodies
that leave emicizumab activity unaffected, but that pro-
voke the rapid elimination of emicizumab in mice, pro-
viding an explanation for the low emicizumab levels in
the patient. Although the occurrence of anti-emicizumab
antibodies is rare, their presence may severely diminish
its clinical efficacy, resulting in the re-appearance of spon-
taneous bleeds. Clinical monitoring will usually be suffi-
cient for patients receiving emicizumab therapy.
However, in case of bleeding in the absence of any com-
pliance concerns, biological monitoring (APTT and emi-
cizumab concentration) is therefore helpful to detect pos-
sible anti-drug antibodies.
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Case Reports

Post-mortem findings in vaccine-induced  
thrombotic thombocytopenia  

Greinacher et al.1 and Schultz et al.2 were the first to
independently report the main clinical and laboratory
features of 11 and five respective patients from Germany,
Austria and Norway who developed life-threatening
thrombohemorrhagic complications 5 to 16 days after
the administration of the first dose of the chimpanzee
adenoviral vector vaccine ChAdOx1nCoV-19 against
SARS-CoV-2 and COVID-19. Subsequently Scully et al.3
reported similar findings in 23 patients treated with the
same vaccine in the United Kingdom. More recently, See
et al.4 reported a case series of 12 patients from the USA
with cerebral venous sinus thrombosis following the vac-
cination with Ad26.CoV2.S employing a human adenovi-
ral vector. The main post-vaccination features common
to the case series were the occurrence of venous throm-
boembolism mainly in unusual sites (cerebral and
abdominal veins) and the concomitant presence of bleed-
ing symptoms associated with severe thrombocytopenia,
often accompanied by laboratory signs of consumption
coagulopathy with low plasma fibrinogen and hugely
increased levels of D-dimer. The majority of reported
patients reacted positively for serum immunoglobulin G
(IgG) antibodies to the platelet factor 4 PF4/heparin com-
plex.1-4 Another common feature was the high mortality
rate. The mechanism of this very rare thrombohemor-
rhagic syndrome was postulated to be a vaccine-triggered
autoimmune reaction, with the development of antibod-
ies against a still ill-defined PF4/polyanion complex that
causes platelet activation as in heparin-induced thrombo-
cytopenia (HIT),1-4 notwithstanding the fact that no cases
were exposed to heparin before the onset of thrombosis
and thrombocytopenia. We report herewith the detailed
post-mortem macroscopic and microscopic findings in
two similar cases that occurred in the Italian region of
Sicily. 
Case Reports. Patient 1 was a 50-year-old man (body

weight 90 kg) with abdominal pain that developed 10
days after vaccination with ChAdOx1 nCoV-19. He had
neither a history for thrombosis risk factors nor had he
any intake of drugs increasing this risk. At the emergency
room he presented with severe thrombocytopenia, low
plasma fibrinogen and very high D-dimer (Table 1). The
results of other blood tests were normal except for mod-
erately elevated white blood cells and inflammatory
serum markers. Computed tomography (CT) showed
portal vein thrombosis with smaller thrombi in the
splenic and upper mesenteric veins. During the next 4
days after admission platelets and fibrinogen remained
low and D-dimer very high with no substantial changes.
An initial dose of the low molecular weight heparin
nadroparin was given subcutaneously at a dosage of
5,700 IU followed by a second dose after 8 hours.
Clinical conditions deteriorated and a new CT scan
showed massive intracerebral hemorrhage. Treated with
multiple transfusions of platelet concentrates that failed
to control bleeding the patient died 4 days after the onset
of symptoms and 16 days after vaccination. A serum
sample obtained before nadroparin showed the presence
of anti PF4/polyanion complex IgG antibodies by
enzyme-linked immunosorbent assay (ELISA) (Lifecodes
PF4 IgG assay, Immucor, USA). 
Patient 2, a 37-year old previously healthy woman (61

kg) with a negative history for significant disease and
drug intake developed 10 days after the administration of
the same vaccine first low back pain and then a strong

headache. She became progressively drowsy and ulti-
mately unconscious, and was, therefore, admitted to the
emergency room of her local hospital. With laboratory
tests similar of those of patient 1 (Table 1), a CT scan
showed an occlusive thrombus in the superior sagittal
venous sinus and a very large hemorrhage in the frontal
cerebral lobe. Transported comatose by helicopter to a
larger hub hospital she underwent craniotomy in order to
control intracranial hypertension and remove the frontal
lobe hemorrhage. She survived the operation but
remained comatose and died 10 days after the first hos-
pital admission and 23 days after vaccination. Anti-
PF4/polyanion complex antibody reactivity was detected
by ELISA and confirmed in a stored serum sample (Table
1). 
Autopsy findings. The anatomic dissection showed a

multi-district catastrophic picture of venous thrombosis,
but neither entrapment or nutcracker nor any compres-
sion which may produce blood stasis and facilitate
venous thrombosis. In both cases the sites of venous
thrombosis identified by imaging were confirmed, cou-
pled with dramatic pictures of cerebral hemorrhages.
While case 1 was confirmed to have had portal and
mesenteric thrombosis with extension into the splenic
vein, case 2 showed besides cerebral sinus thrombosis a
massive thrombosis of the whole venous tree of the left
upper limb extending from the hand to the axillary vein,
with symmetric lesions in the veins of the right hand and
the right axillary vein. In addition, the superficial veins of
both feet appeared to be thrombosed. The histological
evaluation revealed the presence of vascular thrombi
associated with hemorrhagic phenomena localized in the
meningeal space and focally involving the brain. The
thrombotic phenomena also involved small- and medi-
um-sized vessels. The immunohistochemical findings
detailed in Figure 1 suggested endothelial activation asso-
ciated with the dense recruitment of inflammatory
myeloid cells, presumably sustaining procoagulant condi-
tions and thrombus formation.
From a clinical and laboratory standpoint these two

fatal cases of venous thrombosis located in unusual sites
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Table 1. Clinical and laboratory characteristics.
                                                                Case 1                 Case 2

Age, years                                                                50                              37
Sex                                                                         Male                       Female
Pre-existing conditions                                  None of                   None of
                                                                          significance           significance
Time from vaccination                                        10                              10
to admission, days                                                  
Presenting symptoms                             Abdominal pain      Low back pain,
                                                                                                              headache
Thrombosis location                                 Portal, splenic     Superior sagittal 
                                                                         and superior                 sinus
                                                                     mesenteric veins                  
Platelet count nadir, per mm3                         7,000                         9,000
D-dimer peak, mg/dL                                           52                             290
Fibrinogen nadir, g/L                                          0.66                           0.34
Sars-CoV-2 molecular test                            Negative                  Negative
Anti-PF4/polyanion complex testing    Positive for IgG     Positive for IgG
Anticoagulation                                             Nadroparin                  None 
Outcome                                                              Fatal                         Fatal
The reference ranges for platelet count are 130.000-400.000 per mm3, for D-dimer
less than 0.5 mg/dL for fibrinogen 1.7-4.0 g/L. Ig: immunoglobulin.



are similar to those recently described,1-4 because in both
cases complications occurred on average 10-15 days after
vaccination and were accompanied by a very low platelet
count, very high D-dimer and low fibrinogen with signs
of consumption coagulopathy.5 Both patients had
detectable anti PF-4/polyanion antibodies unrelated to
the use of heparin and positive results were confirmed by
reactivity inhibition in the presence of excess heparin in
vitro.6 Patients tested negative for SARS-Cov-2 molecular
assays and antibodies to the nucleocapsid and spike pro-
teins, thus ruling out recent exposure to SARS-CoV-2
(Table 1). There was neither clinical and laboratory evi-
dence of inherited or acquired thrombophilia nor of
intake of prothrombotic medicines. Venous thrombosis
was accompanied by severe intracranial bleeding, which
was the final cause of death in both and developed after
the administration of therapeutic doses of heparin in
patient 1 but concomitantly with cerebral vein thrombo-
sis and no anticoagulant in patient 2.
The peculiar features of these cases were the availabil-

ity of macroscopic and microscopic autopsy findings. The
main macroscopic finding was that venous thrombosis
was much more widespread and catastrophic than diag-
nosed by imaging during life. Immunohistochemistry
highlighted the expression of the adhesion molecule
VICAM-1 (CD106) and of the complement components
C1r and C4d on the vascular endothelial surface in the
microcirculation of the heart, lung, liver, kidney and
ileum. Diffuse endoluminal and peri-vascular immunore-

activity for IgM and IgG were additional findings in the
microcirculation. CD61 revealed platelet aggregates dif-
fusely lining the endothelial layer of small- and medium-
size vessels and signs of platelet phagocytosis by myeloid
elements in the vascular spaces. Scattered CD61-positive
immunoreactive cells with morphological features of
megakaryocytes were also detected in the lung microvas-
culature. The inflammation components were promi-
nently represented by large CD163-positive monocyt-
ic/macrophagic elements that showed intra-vascular
aggregates and variable monocytoid or epithelioid mor-
phology, associated with C1r-positive medium-sized ele-
ments with granulocyte morphology.
All in all, this post-mortem examination of two typical

cases of the novel vaccine-induced thrombotic thrombo-
cytopenic syndrome (VITT) shows that the involvement
of large venous vessels was much more extensive than
appreciated by imaging during the brief clinical course of
these fatal cases. Microscopic findings showed vascular
thrombotic occlusions occurring in the microcirculation
of multiple organs and increased inflammatory infiltrates.
Immunohistochemical analyses highlighted the vascular
and peri-vascular expression of adhesion molecules such
as VICAM1, as well as the presence of CD66b+, CD163+

and CD61+ activated inflammatory cells, also expressing
C1r. These findings indicate that the activation of the
innate immune system and complement pathway pro-
mote the inflammatory process leading to the microvas-
cular damage of multiple organs.
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Figure 1. Microscopic investigation of lung tissue. (Line 1) Microscopic investigation of hematoxylin and eosin (H&E) stained lung tissue showed marked vascular
congestion, blood extravasation and the presence of microthrombi and megakaryocytes in the interstitial spaces, magnification 20X. (Line 3)
Immunohistochemical staining (IHC) revealed positivity for anti-C4d antibody and anti-ICAM-1 antibody, with the presence of inflammatory cells (especially leuko-
cytes, both polymorphonucleates and monocytes/macrophages) and the deposition of pro-inflammatory molecules (C1r, C4d) on the endothelial surface , mag-
nification 20X.
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Inhibitors of poly ADP-ribose polymerase (PARP) induce apoptosis of
myeloid leukemic cells: potential for therapy of myeloid leukemia and
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Figure 3. The effect on leukemic cells of the PARP inhibitor, KU in combination with non-cytotoxic concentrations of 5’-aza-2’-dCR and/or HDAC inhibitor. (A) The effect on primary
acute myeloid leukemia (AML) cells of the PARP inhibitor, KU in combination with the HDAC inhibitor, MS275 and with 5’-aza-2’-dCR. KU was added at variable concentrations to
Patient 2 continuously for 5 days with 50 nM MS275 and 200  nM 5’-aza-2’-dCR or KU alone and then analyzed by flow cytometry. The apoptotic index (Sub-G1population as a frac-
tion of sub-G1+ G1 populations is shown in the right inset). (B) Trypan blue exclusion assays were used to determine cell survival in primary AML cells of Patient 2 exposed to KU,
MS275 and 5’-aza-2’-dCR. Exposure to 50 nM MS275 and 200 nM 5’-aza-2’-dCR with varying concentrations of KU was continuous for 5 days in AML cells of Patient 1 and AML
cells of Patient 2 cells. KU + MS275 (triangles), 5’-aza-2’-dCR + KU + MS275 (diamonds), KU alone (squares). (C) P39 cells were cultured in 1 mM KU, 1 mM KU + 100 nM MS275
or left  untreated for 7 days. At 7 days cells were cytospun onto slides and stained with May-Grumwald stain. Images were taken at 40X magnification. (D) 1 mM KU, 100 nM MS275
and 250 nM 5’-aza-2’-CdR were added as indicated to P39 for 7 days before being treated  with annexin V-FITC (FL-1, X-axis) and propidium iodide (FL-2, Y-axis). The figures show
the percentage of early and late apoptotic cells in the population.
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An incorrect version of Figure 3 appared in the May 2009 Issue on page 644.
The correct version of Figure 3 is published on this page.

In the original article, there was a mistake in Figure 3D as published. In this instance, the annexin V fluorescence-activated
cell sorting (FACS) image for Figure 1B (top right) had been unintentionally duplicated and substituted for the annexin V FACS
image in Figure 3D (top left). As it is an untreated drug control rather than drug test additions, no scientific benefit or advan-
tage interpretation could be made by duplicating the data here. The authors apologize for this error and state that this does
not change the scientific conclusions of the article in any way. The amended Figure 3 is attached.
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