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 has 
also been involved in mediating FGF signaling (Andres et al., 1992). This receptor 

could thus be involved in coordinating multiple signaling pathways by limiting 
ligand availability or forming specific receptor heterocomplexes. The specific role 

of betaglycan will now be assessed in our models to evaluate if is 
necessary to BMP4’s pro-dormancy effect.  
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In recent years, the understanding of metastasis biology and 
cancer cell dormancy has advanced considerably. The current 
knowledge of how cancer dormancy proceeds stemmed from 

pioneering work on angiogenesis1–3, on the immunoregulation of 
equilibrium states and antibody signaling4–13 and on how micro-
environmental and signaling mechanisms control cellular dor-
mancy through growth-arrest programs14,15. Key findings based 
on this body of work proposed that dormant cells might evade 
anti-proliferative therapies in a passive manner16. Since then, the 
field has expanded considerably to reveal the importance of the 
tissue microenvironment in driving dormancy and the reactiva-
tion of dormant cells. Developmental cues that contribute to tis-
sue homeostasis by controlling the quiescence of normal adult 
stem cells, as well as various niche cells of different organs, have 
also been shown to drive dormancy17–19. Dormant cancer cells were 
also found to regulate active signaling mechanisms of adaptation 
and survival after therapies20–24, which demonstrated that dormant 
tumor cells do not merely survive chemotherapeutic drug insults 
in a passive manner. These findings have strengthened the notion 
that dormant DTCs persist over long periods of time by co-opting 
conserved growth-arrest and survival mechanisms that are active 
during development and in adult tissues.

In this Perspective, we focus on recent, mainly in vivo and human 
data and discuss how they inform evolving concepts about tumor 
dormancy, including the active role of the microenvironment.

Discussing definitions
The cancer dormancy field has worked on the basis of three defi-
nitions that are not necessarily mutually exclusive and may be 
complementary. These have led to the working hypothesis that 
asymptomatic minimal residual disease (MRD) can be defined and 
explained by the following three potential scenarios: (1) angiogenic 
dormancy, an impaired angiogenic response that maintains tumor 
mass constant in size by balancing proliferation and cell death;1–3 
(2) immune-mediated dormancy, in which proliferative tumor-cell 
populations are constantly trimmed by cytotoxic immune-cell 
responses that also maintain an equilibrium between cell death 

and proliferation;4–13 and (3) cellular dormancy, in which solitary 
DTCs or small cell clusters enter a prolonged growth arrest with no 
increase in cell death19,24–27.

Equilibrium states, as described in the angiogenic dormancy 
program3, have long been proposed as a defining feature of dormant 
tumor-cell-mass dynamics, with evidence accumulating since the 
1990s. This concept and the relevant literature have been reviewed 
extensively elsewhere18,26,28. The immune equilibrium hypothesis 
suggests that immunosurveillance keeps proliferating cell popu-
lations in check during MRD through T cell–mediated killing or 
anti-idiotypic antibody networks that cause growth suppression in 
mouse lymphoma; this hypothesis has also been reviewed previ-
ously26,29. Recent studies focused more on cellular dormancy and its 
relationship with immune cells indicate that quiescent DTCs are in 
fact evading CD8+ T cell– and natural killer cell (NK cell)–medi-
ated detection and clearance27,30. Thus, as proposed in an integrated 
scenario26, quiescent DTCs may evade detection by the immune 
system, but as they switch into proliferation, they may be main-
tained in equilibrium by immune cytotoxic responses, which shows 
how these two processes can be complementary. To our knowl-
edge there are no available studies showing that dormant solitary 
DTCs that become reactivated are then kept under tumor-mass 
dormancy by an angiogenic switch failure, but this possibility has 
also been proposed26. The large body of literature discussed in this 
Perspective has independently discovered that dormant cancer-cell 
populations consist of single solitary DTCs or small DTC clusters 
of 10–20 cells18,23,27,31–36. These DTCs are able to enter a reversible 
growth-arrest or quiescence state, in support of the proposal that 
this may be a common feature of solitary dormant cancer cells.

Whether all the scenarios discussed above can co-exist in patients 
remains an open question. The tissues that are sampled for further 
study may also bias the identification of the mechanisms involved. 
For example, several dormancy studies that complement the study 
of human DTCs from bone marrow (BM) with mouse models seem 
to point to quiescence as a feature of solitary DTCs17,19,26,37–39. This 
process seems to be governed by microenvironmental cues, resem-
bling the lifelong quiescence program active in dormant adult stem 

The current paradigm and challenges ahead for 
the dormancy of disseminated tumor cells
Emma Risson� �1,2,3,4,6, Ana Rita Nobre4,5,6, Veronique Maguer-Satta� �1,2,3 and Julio A. Aguirre-Ghiso4

Disseminated tumor cells (DTCs) are known to enter a state of dormancy that is achieved via growth arrest of DTCs and/or 
a form of population equilibrium state, strongly influenced by the organ microenvironment. During this time, expansion of 
residual disseminated cancer is paused and DTCs survive to fuel relapse, sometimes decades later. This notion has opened a 
new window of opportunity for intervening and preventing relapse. Here we review recent data that have further augmented 
the understanding of cancer dormancy and discuss how this is leading to new strategies for monitoring and targeting  
dormant cancer.
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cells, including hematopoietic, muscle, neural and hair-follicle 
stem cells17,26,37,38,40,41 (Fig. 1). However, mechanisms of senescence 
or differentiation have also been proposed to underlie DTC dor-
mancy18,42,43. A confounding factor is that growth-arrest programs 
during quiescence, senescence and differentiation exhibit substan-
tial overlap in their regulation of the cell-cycle machinery (Fig. 1). 
Nevertheless, senescence is by definition irreversible, and regulators 
of this program, such as p16 and p53, are commonly mutated or 
silenced early in tumorigenesis44. Additionally, senescence leads to 
the clearing of senescent cells by innate immune cells45, which has so 
far not been documented for potentially ‘senescent’ DTCs. Notably, 

several studies have documented that DTCs activate variations of 
pluripotency programs and a certain degree of chromatin remodel-
ing linked to enhanced epigenetic plasticity46–51 (discussed below). 
On the contrary, senescent cells commonly show highly repressive 
heterochromatin, which limits plasticity52 (Fig. 1). However, the 
possibility that a hybrid state of senescence programs is activated 
by microenvironmental cues43 or therapeutic stress53 cannot be  
ruled out.

Indeed, a key attribute of dormant DTCs is their ability to retain a 
high degree of epigenetic and transcriptional plasticity and to reac-
tivate different developmental programs to arrest growth and sur-
vive17,54 (discussed below). This high level of plasticity that enables 
cancer cells to employ various regulatory programs to induce a 
reversible growth arrest, which ensures persistence and confers an 
adaptive advantage, may be the true defining feature of dormancy. 
Thus, two key elements emerge as being necessary for better under-
standing of DTC dormancy. One is better definition of the iden-
tified programs functionally and molecularly, to understand how 
they resemble quiescence, senescence or differentiation and how 
they intersect with angiogenic dormancy and immune-mediated 
equilibrium. The second is definition of which of the programs 
identified in models are functionally relevant in patients.

Target-organ microenvironments
The tumor microenvironment consists of cellular and extracellular 
components that surround cancer cells. In the primary tumor site 
it can represent half or more of the tumor mass. However, in tar-
get organs in which solitary DTCs or small clusters of DTCs reside 
following dissemination, DTCs are initially a minor constituent of 
the tissue. Thus, how they interpret this new microenvironment 
and how the signals ‘encoded’ in these initially normal tissue niches 
affect the induction of, maintenance of and escape from dormancy 
in cancer are important questions.

BM niches. Animal and human biopsy studies support the notion 
that DTCs probably reach multiple organs but survive and eventu-
ally grow only in specific tissues and in a cancer-specific manner. 
Many studies have focused on the BM, as cancer cells can persist in 
this site for years without growing, and the detection of BM DTCs 
is commonly a marker of poor prognosis55–58. In the BM, osteoblasts 
have been suggested to induce solid-tumor DTC dormancy59, with 
osteoclasts being involved in the escape from dormancy during the 
process of osteolytic bone metastases60 (Fig. 2). The role of osteo-
blasts in dormancy and bone metastasis, however, is more complex. 
Whereas the endosteal niche and osteoblasts can promote cancer-cell 
dormancy59, remodeling of this niche could cause the reactivation of 
or promote the survival of cancer cells61. For example, cancer cells 
depend on physical interactions with osteogenic cells through gap 
junctions to increase their intracellular calcium levels, and therefore 
the osteogenic niche, which includes osteoblasts, serves as a calcium 
reservoir for cancer cells to form micro-metastases62. Additionally, 
changes in osteoblast phenotype, such as the acquisition of an aged 
or senescent phenotype, could fuel metastasis63. Recently, consider-
able work has focused on vascular niches that induce sustained DTC 
dormancy in the BM23,31, brain35 and lungs34 (Fig. 2). BM vascular 
niches were shown to protect DTCs from chemotherapy through 
an integrin-mediated interaction between DTCs and molecules, 
including von Willebrand factor and the integrin ligand VCAM1, 
within the perivascular niches23. Disrupting these interactions with 
integrin-blocking antibodies results in a reduction in the DTC 
burden and the prevention of bone metastasis. Notably, although 
chemoprotection by the vascular niche seems to be cell cycle inde-
pendent, inhibiting integrin β1 and/or integrin αVβ3 enhanced the 
chemotherapeutic response. How chemotherapy kills non-dividing 
DTCs with ablated integrin signaling is still unknown. Perhaps 
cancer cells become sensitized during the first divisions after their 
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Fig. 1 | Differences and commonalities among normal quiescent, 
senescent, differentiated cells and dormant cancer cells. Cell-cycle 
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stages, quiescence and dormancy are reversible. It would appear that 

normal quiescent cells and dormant cancer cells interpret the same 

microenvironmental factors in a similar manner, and this leads to the 

activation of survival and self-renewal programs. However, dormant DTCs 

also turn on diapause and pluripotency programs and an unfolded protein 

response (UPR) also observed in senescent cells. Normal quiescent, 

senescent and differentiated cells are green;44 the dormant cancer cell is 

blue26. SASP, senescence-associated secretory phenotype.
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exit from the single-cell state. In the mouse brain, DTCs breach the 
blood–brain barrier and adhere to brain capillaries35. The position 
and morphology of DTCs is reminiscent of that of pericytes, as 
these cells spread on brain capillaries between pericytes and cap-
illary surfaces, migrated along the vessels and remained dormant 
for long periods34. Although the mechanism of dormancy was not 
explored in that study34, the adhesion molecule L1CAM on DTCs 
was found to mediate access to the perivascular niche and drive 
transcriptional programs that awakened dormant DTCs, which led 
to the initiation of metastasis. Whether the reactivation of DTCs 
was caused by their pericyte-like behavior or changes in the niche 
itself is unclear. However, changes in the niche, as elicited by tip 
endothelial cells, are known to cause reactivation, whereas stalk 
endothelial cells promote dormancy64. Similarly, endothelial-cell 
expression of L1CAM ligands allows L1CAM+ DTCs to engage in 
proliferative programs, but it is possible that if the endothelium 
or other perivascular cells do not express such ligands, L1CAM+ 
DTCs may not be able to overcome dormancy signals. Therefore, 
the perivascular niche could induce or maintain DTC dormancy in 
a context-dependent manner.

Elegant conditional, tissue-specific knockout mouse models 
and bone-transplantation approaches revealed that perivascular  
Prx1+ mesenchymal stem cells expressing the chemokine CXCL12 
maintained leukemic stem cells (LSCs) in a quiescent and 
treatment-resistant state in the BM65. Targeted deletion of CXCL12 
in mesenchymal stem cells reduced the number of normal hemato-
poietic stem cell (HSCs) but promoted LSC expansion by increasing 
self-renewing cell divisions, with LSCs being eliminated by treat-
ment with a tyrosine kinase inhibitor. Moreover, chronic myeloid 
leukemia (CML) cells induced a reduction in CXCL12-expressing 

mesenchymal stem cells and an increase in CXCL12-expressing 
endothelial cells, alterations that may provide a competitive advan-
tage to LSCs over HSCs (Fig. 3). This work highlights how the peri-
vascular niche may allow targeting of DTC–niche interactions in 
solid and hematopoietic cancer-cell dormancy to interfere with dor-
mant DTCs that cause recurrence.

Open questions are whether DTCs move stochastically or are 
actively recruited into a perivascular niche, where they enter dor-
mancy, or whether these are simply the niches that promote sur-
vival and quiescence. A recent study66 showed that similar to benign 
and malignant hematopoietic cells67, breast cancer DTCs enter the 
BM through sinusoidal vasculature that expresses the inflamma-
tory molecules E-selectin and SDF-1, both in mice and in human 
samples66 (Fig. 3). Mice treated with an E-selectin inhibitor had 
fewer DTCs in the BM, indicative of decreased homing. In another 
model, E-selectin was identified as a pro-metastatic receptor of the 
bone vascular niche, with its pharmacological inhibition increasing 
survival and decreasing bone metastasis–associated bone degrada-
tion68. Thus, rather than suggesting homing, this study suggested 
a growth-promoting effect for E-selectin that was dependent on 
the Wnt signaling pathway and was bone specific. The differences 
between the specific findings of these two studies66,68 are unclear but 
may depend on differences in the models of BM colonization used 
and in the timing and type of endpoints assessed.

BM colonization and metastasis are common late relapse occur-
rences in ER+ breast cancer regulated by hormones (and thus the 
microenvironment). A recent study identified the kinase MSK1 as a 
potential regulator of dormancy in ER+ breast cancer69. Depletion of 
MSK1 was shown to lead to the epigenetic downregulation of genes 
encoding molecules that control luminal cell fate, such as FOXA1 and 
GATA3, and contribute to an increased metastasis-initiating poten-
tial. This effect was also observed when signaling via the kinase p38 
was chemically inhibited, as MSK1 is a target of p38;69 this reproduced 
the role of this pathway in dormancy14. Anti-estrogen therapy is an 
effective therapy in human breast cancer70,71 but does not eradicate the 
disease in many patients71. Whether tamoxifen activates an MSK1–
p38α (or other) signaling mechanism for dormancy is not clear, but 
understanding whether anti-estrogen therapies work through the 
induction of dormancy may be illuminating. Interestingly, dormant 
cell populations were recently shown to be prevalent during target-
ing of the estrogen receptor ERα71. A similar question was explored 
in humans72 through the sequential analysis of samples from patients 
undergoing extended neoadjuvant hormonal treatment. ‘Dormant’ 
tumors (i.e., tumors from patients with tumor-size reduction and 
no progression after long post-treatment periods of time) displayed 
enhanced DNA methylation and a more repressive chromatin state, 
whereas resistant tumors displayed the opposite profile. Although 
these data were not directly derived from DTCs, they may provide 
insights into the biomarkers to look for in DTCs or stroma in the 
adjuvant setting and to determine if anti-estrogens induce dormancy 
of residual DTCs. The BM is also a common site for dormancy for 
prostate cancer cells73. Wnt5a delivered systemically in in a prostate 
cancer model of metastasis induced a dormancy-like phenotype in 
cancer cells and a reduction in bone metastasis, potentially via ROR2 
signaling72. This treatment also revealed that Wnt5a favored chemo-
resistance to docetaxel. Additional analyses may be needed to reveal 
whether these mechanisms are active in prostate cancer DTCs in the 
BM. Interestingly, Wnt5a has also been linked to a senescence- or 
dormancy-like phenotype in melanoma74.

Inflammation and extracellular matrix remodeling. Given that 
dormancy is a reversible state regulated by the microenvironment, it 
is necessary to determine the microenvironmental changes that could 
trigger awakening from dormancy (Fig. 2). Bacterial lipopolysaccha-
ride– or tobacco smoke–induced lung inflammation was recently 
shown to activate neutrophils to form neutrophil extracellular  
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DNA traps (NETs)32. NETs were found to trigger the awakening 
of dormant DTCs through the release of neutrophil elastase and 
MMP9, enzymes that promote the laminin 111– and α3β1 integrin–
dependent activation of a signaling axis involving the kinases FAK, 
ERK and MLCK and, ultimately, activation of the transcriptional 
regulator YAP. Interestingly, for full awakening of DTCs, loss of 
perivascular thrombospondin TSP1 was also required. Metastatic 
breast cancer cells can themselves induce NETs32,75, which raises the 
possibility that they may create a positive pro-inflammatory prolif-
erative loop. Surgical stress was also shown to trigger DTC awaken-
ing through an increase in NET formation, in a mouse model of 
liver ischemia–reperfusion76. Consistent with that, in a cohort of 
patients undergoing attempted curative liver resection for metastatic 
colorectal cancer, a correlation was observed between increased 
post-operative NET formation and a reduction in disease-free sur-
vival76. In a model of pancreatic ductual adenocarcinoma (PDAC), 
the TRAIL-R2 pathway was also suggested to lead to liver inflam-
mation and the awakening of dormant DTCs during tumor resec-
tion77. Thus, it is possible that tissues that remain homeostatic may 
maintain DTC dormancy, whereas changes (such as inflammation) 
that alter the homeostatic balance (for example, through NETs and 
remodeling of the extracellular matrix) may trigger the awakening 
of DTCs from dormancy.

An important question is the link between aging and meta-
static relapse and the age- and microenvironment-related signals 
that may regulate DTC dormancy and reactivation. Recently, 
in a mouse model of aging, metastatic cell lines were shown to 
be highly proliferative in aged BM, with the frequency of dor-
mant DTCs decreasing in aged mice but not in young mice78. 
Mechanistic analysis revealed that several inflammatory cytokines 
known to promote cell proliferation (including the interleukins 
IL-1β, IL-6, IL-27 and IL-1F9 and factors such as CCL4, CCL5 
and Tnfsf14) were upregulated in bones of aged mice, whereas 

proposed quiescence-inducing factors (including BMP4, BMP6, 
BMP7, Kitl, TGFβ2, Thbs2, Dkk1 and Dkk3) were downregu-
lated78 (Table 1). Remodeling of the extracellular matrix may also 
stimulate metastasis and perhaps awakening from dormancy, as 
revealed by changes in age-related remodeling of the collagen 
matrix that stimulated metastasis in melanoma79–81.

The concept of reverting a malignant phenotype by normaliz-
ing the microenvironment is not new82–85 and supports the proposal 
that — in the appropriate context — cancer cells could remodel their 
epigenetic programs to silence mutated genomes. Axolotl embryos 
have been shown to fully reprogram malignant breast cancer cells 
into quiescence by inhibiting induction of the cell-cycle inhibitor 
p27 mediated by the kinases ERK1 and ERK2 and reducing signal-
ing dependent on the transcription factor JUN and the tumor sup-
pressor Rb86. These reprogrammed breast cancer cells also displayed 
a repressive chromatin state that was previously reported in retinoic 
acid–induced dormancy46. Although the mechanisms activated by 
the axolotl extract were not identified, this reveals how microenvi-
ronmental signals can epigenetically silence malignancy traits.

Such studies have expanded understanding of how the homeo-
stasis of target-organ microenvironments may maintain dormancy, 
probably governed by adult stem-cell quiescence niches. They also 
support the proposal that alterations over time (in this case the 
organism’s age) or perturbations that alter target-organ microen-
vironments, such as inflammation and remodeling of the extracel-
lular matrix, can control dormancy. A key question is how robust 
the dormancy-inducing microenvironments are. Given that, for 
example, in breast cancer, relapse that occurs more than 5 years after 
surgery is mostly stochastic and can be delayed for long periods, it 
is possible that multiple homeostatic barriers need to be eliminated 
for DTCs to awaken. Although patients will encounter situations 
that may activate inflammatory processes many times during their 
lives, many do not show immediate relapse.
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Autophagy and metabolism. Another important but poorly 
explored mechanism in dormancy biology is metabolic plasticity. 
For example, unfolded-protein-response pathways and signaling 
via the transcription factor HIF1α, which are intimately linked to 
metabolic changes, can enable residual cancer cells to persist and 
evade chemotherapy87. Recently, the glycerol biosynthesis enzyme 
GPD1 (glycerol-3-phosphate dehydrogenase 1) was shown to mark 
slow-cycling brain tumor stem cells with the ability to repopulate 
the tumor after temozolomide therapy in glioblastoma mouse mod-
els88. These GPD1+ cells were present in tumor margins, which 
suggested that they might escape resection and therapy. However, 
whereas GPD1+ cells were mostly negative for proliferation mark-
ers, they were the cells able to repopulate the lesions after therapy. 
This suggests that GPD1 is involved in the metabolic plasticity of 
slowly cycling cells that mediates reactivation but does not regulate 
long-term dormancy.

Autophagy is intimately linked to stress signaling and metabolic 
changes, as it is not only a source of metabolites for energy production 
but also a way to protect from proteotoxicity. Dormant cancer cells 
were shown to be more autophagic than their proliferating counter-
parts, which allowed them to survive in a quiescent state89. Notably, 
inhibiting autophagy specifically blocked the survival of dormant 
cells in the lungs in a manner dependent on the autophagy-related 
molecule ATG789. A separate study recently showed that the enzyme 

Pfkfb3 (6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3) is 
linked to metastatic relapse of breast cancer90. Interestingly, Pfkfb3 
was downregulated by the onset of autophagy, which coincided with 
dormancy induction. Unlike an earlier study89, but consistent with 
other work reporting that autophagy may induce dormancy18,91, 
this paper90 showed that inhibition of autophagy restored PFKFB3 
expression, which led to reactivation from dormancy. When 
autophagy functions only as a survival pathway and when it coor-
dinates induction and maintenance of dormancy remains unclear. 
Elucidating this point is important because the second possibility 
supports the proposal that targeting autophagy could have deleteri-
ous effects for patients by causing reactivation from dormancy.

The immune system and DTC dormancy. Major advances in 
immuno-oncology have fundamentally altered the understanding 
of the relationship between the adaptive immune system and cancer 
cells, which has led to the current breakthroughs in immunothera-
pies. A key question is whether dormant DTCs are restrained from 
expanding by an immune equilibrium mechanism and/or whether 
dormant DTCs evade recognition by the immune system (Fig. 2). 
Pioneering studies of carcinogenesis and disseminated cancer have 
provided support for the possibility of a role for immune equilib-
rium as a mechanism of dormancy13,92. Similarly, studies of a B cell 
lymphoma that establishes dormancy through a vaccination pro-
tocol revealed important components of how dormancy could be 
induced and maintained by CD8+ T cells and interferon-γ signal-
ing6. Additionally, immunoevasion was shown to allow the persis-
tence of dormant leukemic cells in mouse acute myeloid leukemia 
(AML) through upregulation of the checkpoint inhibitor B7-H1 
(PD-L1) and the immunomodulatory receptor CTLA-4 ligand B7.1, 
but without involving a decrease in major histocompatibility com-
plex (MHC) class I (ref. 93). More recently, it was shown that mice 
vaccinated against PDAC cells were protected against rechallenge 
with the same PDAC cells injected to colonize the mouse livers, as 
expected30. However, although the immune system eradicated most 
cancer cells, persistent single DTCs were detected. The immunoeva-
sive DTCs were quiescent, did not express E-cadherin and upregu-
lated the unfolded protein response, a pathway previously linked 
also to the drug resistance of dormant cancer cells22. The unfolded 
protein response was found to downregulate MHC class I, which 
reduced antigen presentation and rendered dormant DTCs invisible 
to CD8+ T cells. Although the molecular mechanisms differ, both 
leukemic cells and epithelial cancer cells that enter dormancy seem 
to find ways to escape detection by the immune system. As proposed 
earlier, immunoevasion by dormant DTCs may simply be reflective 
of the hijacking of developmental or tissue homeostasis mecha-
nisms. For example, quiescent hair-follicle stem cells were shown to 
evade immune recognition by CD8+ T cells94. It would be interesting 
to test whether the signals that induce dormancy discussed in this 
Perspective (Table 1) modulate the expression of key immunoregu-
latory molecules such as MHC class I, PD-L1 and/or CTLA-4 and 
thereby influence immunodetection. Dormant lung cancer DTCs 
and HER2+ breast cancer DTCs were also shown to evade detec-
tion by NK cells and to be susceptible to eradication by NK cells 
only after escape from dormancy27. Although these studies support 
the proposal that DTCs are NK cell evasive during quiescence, they 
provide only partial insight into their immunoregulation, as they 
were performed in nude mice. Unlike the results reported in those 
papers, the immune system of mice carrying the EMT6 syngeneic 
triple-negative breast cancer model was shown to be able to fully 
eradicate dormant and proliferative DTCs, suggestive of their vul-
nerability to immunorecognition95. In contrast, a separate study 
in immunocompetent mice showed that D2A1 breast cancer cells 
were kept from forming metastases by immune-mediated killing, 
which led to an equilibrium that produced population dormancy96. 
However, when mice underwent sham surgery, the injury-associated 

Table 1 | Summary of dormancy- and reactivation-inducing 
factors

Factor In vitro 
data

In vivo 
data

Human 
data

Refs.

Dormancy 

inducers

CXCL12 Y Y Y 65

vWF Y Y N 23

TGFβ2 Y Y N 36

BMP4, BMP7 Y Y N 43,48

Hypoxia Y Y Y 33

GAS6 Y Y N 115,116

RA Y Y N 46

LIF Y Y N 97

TSP1 Y Y N 31

WNTs Y Y N 27,117

DNA methylation 

repressive 

chromatin state

Y Y Y 46,72

Wnt5a Y Y N 72

Axolotl embryo Y N N 86

miR-126 Y Y Y 104

Jagged 1 Y Y N 118

Reactivation 

inducers

COCO Y Y Y 48

Inflammation and 

NETs

Y Y Y 32,75,76

Stiff collagen Y Y N 79

Aging Y Y Y 78,79,119

VCAM1 Y Y N 60

Periostin Y Y N 31

TGFβ1 Y Y N 36

Known cancer cell– and microenvironment-derived regulators that promote the dormancy or 

reactivation of dormant cancer cells in solid and liquid cancers. The type of data available for 

each factor is also indicated. These findings are compiled from different cancer types and thus 

these signaling pathways might not all be associated with the dormancy of every type of cancer or 

microenvironment. Y, yes; N, no.
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inflammation and myeloid-cell mobilization led to immunosup-
pression, with the cancer-cell population progressing to metas-
tasis. Studies in which no exogenous antigens were used95 may be 
relevant to understanding how patients with triple-negative breast 
cancer who survive beyond 5–8 years after surgery never relapse 
with metastasis. It would also be interesting to determine whether 
primary tumor removal, as is done routinely in patients, would yield 
the same results as sham surgery in mice96. Studies such as these, 
which formally investigated DTC biology and recognition by the 
immune system, raise new questions related to DTC dormancy and 
immunotherapies.

Commonalities of leukemia and DTC dormancy
The HSC and leukemia fields have made considerable advances in 
delineating how specific niches control the dormancy of HSCs and 
LSCs. At steady state, the BM niche is a tightly controlled microen-
vironment that regulates the proliferation, self-renewal, differentia-
tion and migration of HSCs37. HSCs and DTCs in the BM seem to 
be cell-cycle arrested. Moreover, these two types of cells have been 
proposed to occupy the same BM niches and to respond to the 
microenvironmental cues similarly17,73 (Fig. 3). Both dormant HSCs 
and DTCs seem to adopt quiescence and survival mechanisms that 
enable them to avoid apoptosis and/or resist therapies. However, 
dormant solid-cancer cells share characteristics with embryonic and 
adult stem cells, such as upregulation of the pluripotency-related 
genes NR2F1, SOX9, SOX2, POU5F1 (which encodes OCT4) and 
NANOG17,27,46,48,97. This may be a distinction between the quiescence 
programs in HSCs and those in DTCs, whereby the latter cells may 
adopt developmental programs that provide additional cell plas-
ticity and less ability to commit to differentiation states. However, 
other similarities are clear. For example, adult stem-cell niches 
have also been shown to be immune-protected sites94, which may 
be advantageous for DTCs. Adult stem cells and quiescent DTCs 
may also show downregulation of antigen presentation30,94, in sup-
port of the proposal that escaping immunosurveillance may also be 
a common attribute. Another example involves the ubiquitin ligase 
FBXW7, inhibition of which was shown to prevent the quiescence of 
LSCs98 and to be involved in the quiescence of lung adenocarcinoma  
cells99 and the awakening and subsequent chemotherapy-mediated 
killing of breast cancer DTCs100. These data suggest that some qui-
escence and/or dormancy mechanisms may be shared by LSCs 
and DTCs and thus provide novel potential anti-cancer targets for 
experimental exploration. Notably, the notion of awakening LSCs 
might work in some cases, given the unique oncogene addiction 
pathways of these cells65, but in solid cancers, awakening dormant 
cells may be too risky, given that chemotherapy is not uniformly 
effective and responses may vary depending on the organ in which 
metastases grow.

Hematopoietic malignancies may also inform cancer-cell hetero-
geneity during dormancy. Longitudinal BM sampling from patients 
to delineate clonal evolution from pre-leukemia to established 
AML has revealed that some rare, probably dormant, leukemic 
cell sub-clones were already present at diagnosis and were resistant 
to therapy, which led to relapse; this highlights the importance of 
understanding the dynamics of LSC heterogeneity101. Similar stud-
ies of solid-cancer DTCs, such as DTCs of melanoma, breast can-
cer and prostate cancer in patients at the M0 stage (no evidence of 
metastasis at diagnosis or surgery), were able to identify dormant 
DTCs that could be studied and targeted early on. A single-cell 
transcriptomic analysis of BM leukemic cells revealed that a specific 
sub-fraction among the heterogeneous population of LSCs, char-
acterized by stem-cell and quiescence signatures, survived in the 
BM environment of patients with asymptomatic CML under treat-
ment with a tyrosine kinase inhibitor and served as a reservoir for 
the emergence of resistant cells102. Treatment-induced quiescence 
of residual LSCs in this setting was demonstrated to rely on the  

activation of Jak2–Stat3 signaling dependent on non-canonical BMP4 
signaling, with the ligand delivered by surrounding mesenchymal 
cells103. Dual targeting of BMP4 and Jak2 was efficient in reversing 
this tyrosine kinase inhibitor–dependent induced quiescence of the 
BMPR1B+ LSC sub-fraction adherent to stroma and allowed these 
cells to re-enter a differentiation process103. Such a strategy might 
contribute to elimination of the reservoir of dormant LSCs.

Another study of treatment-induced quiescence in CML showed 
that the microRNA miR-126 from endothelial or leukemic cells 
induced the quiescence of CML LSCs104. Interestingly, the tyrosine 
kinase BCR–ABL is known to inhibit the biogenesis of miR-126, 
and inhibition of BCR-ABL restored miR-126 expression in the can-
cer cells, which led to a quiescent LSC pool with enhanced survival. 
Moreover, combining inhibition of BCR-ABL and downregulation 
of miR-126 resulted in the elimination of LSCs, in support of the 
proposal that this microRNA may also coordinate survival dur-
ing quiescence. Assessing if dormant DTCs from solid cancers are 
regulated by similar mechanisms when targeted therapies are used 
(for example, anti-estrogens, anti-androgen receptor, anti-HER2 
or other kinases) could reveal novel cancer cell–intrinsic and/or 
microenvironmentally induced mechanisms of DTC quiescence 
and survival triggered by therapeutic interventions.

There is growing evidence not only that the niche influences can-
cer cells but also that leukemic cells can modulate their host BM 
microenvironment to survive and expand. For example, AML cells 
can remodel the vascular organization of the endosteal niche and 
thereby alter the number of stromal cells105 and render the niche less 
supportive of normal HSCs and their quiescence. Additionally, vas-
cular permeability can be altered through the enhanced production 
of nitric oxide by endothelial cells106. Additional studies have high-
lighted the role of AML-derived extracellular vesicles in suppress-
ing normal hematopoiesis by inhibiting protein synthesis107 through 
the internalization of miR-1246 in normal HSCs or by inducing 
the expression of DKK1, a suppressor of normal hematopoiesis108.  
In both studies, inhibiting this niche remodeling led to enhanced 
efficiency of chemotherapy107,108. These models may provide insight 
into how solid-cancer DTCs may change the niches in which they 
reside over time until they switch from a homeostatic pro-dormancy 
function to a reactivation state. Given that the molecules derived 
from these niches may be more abundant than the DTCs that 
lodged there, these soluble factors could serve as biomarkers that 
provide information on niches supportive of reactivation.

Future prospects
The treatment of metastasis has been limited to very few adjuvant 
therapies that rely on primary tumor data and aggressive targeting 
of metastatic lesions in patients at stage IV. The latter is a necessity, 
as these patients have few treatment options. However, the knowl-
edge of tumor dormancy has revealed that MRD in solid cancers 
could be targeted earlier, even if DTCs are not actively proliferat-
ing109. Additionally, the notion that dormant DTCs co-exist with 
growing lesions in stage IV cancer has raised the possibility that 
these dormant DTCs may evade anti-proliferative treatments. Thus, 
strategies that combine anti-proliferative therapies with drugs that 
kill dormant cells may provide long-term benefit even in patients 
at stage IV.

However, the concepts noted above need to be tested in prac-
tice. Acceleration of the understanding of the processes that under-
lie cancer-cell dormancy and, consequently, ways to target it will 
require pairing of experimental models with human data, such as by 
having research scientists team up with clinicians to incorporate the 
measurement of endpoints related to dormancy in existing clinical 
trials. Such efforts are emerging; for example, NR2F1, a dormancy 
marker identified in experimental systems, has been used to stratify 
DTCs and to determine that patients with NR2F1hi DTCs had lon-
ger bone metastasis–free periods than those with NR2F1lo DTCs57. 
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Notably, a proliferation marker such as Ki67 could not provide the 
same information, which supports the proposal that dormancy 
markers may provide additional insights beyond those provided by 
determining the snapshot proliferative status of DTCs. Such efforts, 
even if initiated in small populations of patients, would be key for 
the validation of experimental biology in patients.

The notion that dormant cancer cells activate autophagy18,89,90,110 
has also led to a phase 2 clinical trial using autophagy inhibitors 
such as hydroxychloroquine and/or mTOR inhibitors in combina-
tion to treat patients with breast cancer and to prevent recurrence 
(clinical trial identifier NCT03032406). An additional clinical trial 
is focused on screening for the presence of BM DTCs in patients 
within 5 years of having completed breast cancer therapy (clini-
cal trial identifier NCT02732171). Patients with BM DTCs will 
be offered the possibility of participating in other trials targeting 
DTCs, such as NCT03032406.

The concept of reprogramming malignant DTCs into dor-
mancy46 has also led to a clinical trial testing this concept in dis-
seminated prostate cancer that has not yet become detectable by 
imaging (clinical trial identifier NCT03572387). This clinical trial 
repurposed 5-azacytidine and all-trans retinoic acid (both drugs 
approved by the US Food and Drug Administration) to treat 
patients with prostate cancer after hormonal ablation. Although 
these studies are ongoing, they support the notion that foundational 
science can be used to develop innovative trials that can be executed 
despite potential cost issues24. Understanding how dormancy devel-
ops in patients may also help guide trials that were supposed to tar-
get micro-metastatic disease but failed to show therapeutic value. 
Preclinical data have identified RANKL (TNFSF11) as a tempting 
target with strong potential to prevent breast cancer bone metasta-
sis111,112. A phase 3 study (D-CARE) was developed that combined 
a human blocking monoclonal antibody against the receptor for 
RANKL (denosumab) with standard-of-care adjuvant or neoadju-
vant systemic therapy and locoregional treatments. However, this 
treatment did not improve disease-related outcomes for women 
with high-risk early breast cancer113. The reasons for this outcome 
may include the possibility that dosing schedules left a window for 
dormant DTC populations to become reactivated. There is also evi-
dence from other studies that chemotherapy causes severe altera-
tions of the BM microenvironment114 with clear signs of premature 
aging that could actually promote the reactivation of dormant DTCs. 
Unfortunately, the trial did not include intermediate endpoints for 
assessing the numbers or phenotypes of DTCs or circulating tumor 
cells and thus for anticipating what might have been happening to 
the residual disease. The development of markers and methods for 
detecting the DTCs that lead to MRD in such trials will enhance the 
understanding of how to target these residual cells on the basis of 
their unique biology.

Progress in on cancer dormancy research has expanded consid-
erably and will probably yield innovative biomedical results in the 
future. The findings discussed in this Perspective highlight the fact 
that the time is ripe to start translating the knowledge gained from 
experimental models to the clinic.
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Metastases that are derived from DTCs, are the major 
source of cancer-related deaths from solid cancers1. 
Post-extravasation DTCs can remain in a dormant state 

from prolonged periods2 and years to decades can lapse before dor-
mant DTCs emerge as overt lesions. We postulate that targeting 
dormant DTCs is the shortest path to change patient outcomes by 
curtailing metastatic outgrowth. However, to achieve this goal we 
must understand the cancer-cell-intrinsic and microenvironmental 
mechanisms that control DTC dormancy and reactivation.

The BM is a site where dormant DTCs are found and where 
metastasis can develop in various cancers after prolonged periods 
of clinical ‘remission’2–9. In trying to understand how the BM micro-
environment might control DTC dormancy, we8,10 and others2,4,11,12 
found that in both humans and mice, this microenvironment is a 
restrictive site for metastasis initiation. This is due to the presence 
of several cues, such as TGF-β2 (ref. 10), BMP7 (refs. 13,14), GAS6 
(refs. 15–17) and leukemia inhibitory factor12,18, which induce DTC 
dormancy. Studies in mostly two-dimensional or three-dimensional 
(3D) in vitro models, proposed that MSCs19, vascular endothelial 
cells11,20 and/or osteoblasts16,21,22 may be the source of dormancy cues 
for cancer cells. However, the function of such niche cells in vivo has 
not been formally tested.

There is a long-standing hypothesis that the niches that control 
hematopoietic stem cell (HSC) dormancy may instruct DTCs to 
become dormant23. A previous study in prostate cancer has drawn a 
connection between the HSC niche and dormancy of DTCs24. While 

informative, these studies did not functionally dissect in depth and 
in vivo the role of key cell types that regulate HSC dormancy in 
regulating DTC quiescence. Further, the niche influence has been 
inferred from the analysis of cancer cells recovered from the BM or 
from indirect competition assays. Thus, there is still a critical need 
to understand the cellular components and how BM niches enforce 
DTC dormancy.

Dormancy of HSCs in the BM is a robust and long-lived process 
that, if unperturbed, results in HSCs dividing and self-renewing 
only four to five times in the lifetime of a mouse25. Such a power-
ful mechanism of quiescence and self-renewal cycles might explain 
how DTCs, if responsive to niche signals, could persist for decades 
in the BM of patients with BC. The HSC microenvironment in the 
BM is a complex multicellular network promoting HSC dormancy, 
self-renewal and differentiation into lineage-committed progeni-
tors26. Previous studies have revealed that periarteriolar stromal 
cells, enriched in MSC activity, innervated by the sympathetic ner-
vous system, and expressing the neural markers NG2 and Nestin 
(mesenchymal stem and progenitor cells, hereafter referred to as 
NG2+/Nestin+ MSCs for simplicity), are critical for the control of 
HSC quiescence and hematopoiesis27. Notably, aging-induced alter-
ations causing replicative stress damage or sympathetic neuropathy 
from infiltrating leukemia cells, for example, eliminates the control 
of HSC dormancy by NG2+/Nestin+ MSCs and can fuel malig-
nancy28,29. We and others also discovered that TGF-β2 and BMP7 
in the BM milieu are key inducers of DTC dormancy in various 

Bone marrow NG2+/Nestin+ mesenchymal stem 
cells drive DTC dormancy via TGF-β2
Ana Rita Nobre1,2, Emma Risson� �1,3, Deepak K. Singh� �1, Julie S. Di Martino� �4, Julie F. Cheung1,  
Jiapeng Wang5, John Johnson5, Hege G. Russnes� �6,7, Jose Javier Bravo-Cordero4, 
Alexander Birbrair� �8,11, Bjorn Naume9,10, Mohamad Azhar� �5, Paul S. Frenette� �8 and 
Julio A. Aguirre-Ghiso� �1

In the bone marrow (BM) microenvironment, where breast cancer (BC)-disseminated tumor cells (DTCs) can remain dormant 
for decades, NG2+/Nestin+ mesenchymal stem cells (MSCs) promote hematopoietic stem cell quiescence. Here we reveal that 
periarteriolar BM-resident NG2+/Nestin+ MSCs can also instruct BC DTCs to enter dormancy. NG2+/Nestin+ MSCs produce 
transforming growth factor (TGF)-β2 and bone morphogenetic protein (BMP)7 and activate a quiescence pathway dependent 
on TGFBRIII and BMPRII, which via p38-kinase, results in p27 induction. Genetic depletion of MSCs or conditional knockout 
of TGF-β2 in MSCs using an NG2-CreER driver led to bone metastatic outgrowth of otherwise dormant p27+/Ki67− DTCs. Also, 
patients with estrogen receptor-positive BC without systemic recurrence displayed higher frequency of TGF-β2 and BMP7 
detection in the BM. Our results provide direct proof that hematopoietic stem cell dormancy niches control BC DTC dormancy 
and suggest that aging or extrinsic factors that affect the NG2+/Nestin+ MSC niche homeostasis may result in a break from 
dormancy and BC bone relapse.
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Fig. 1 | Depletion of NG2+/Nestin+ MSCs awakens dormant DTCs in the BM. a,b, Whole-bone imaging of MMTV-Neu (GEM model, CK8/18+ cancer 

cells, representative image of two independent experiments) and E0771-GFP (intracardiacally injected) BC cells (representative image of five independent 

experiments). Scale bars, 10�μm (a) and 20�μm (b). c–f, Effect of NG2+/Nestin+ MSC depletion before BM seeding by DTCs (n�=�20 mice per condition 

from three independent experiments. Experimental design shown in Extended Data Fig. 1a). Representative images of E0771-GFP+ DTC clusters in BM 

flushes from WT and NG2+/Nestin+ MSC-depleted mice (NG2-CreERiDTR) (c). Scale bar, 50�μm. Incidence of bone metastasis (>1,000 GFP+ DTCs per 

106 BM cells) 2 weeks after cancer cell injections (two-tailed Fisher’s exact test; P�=�0.001) (d). Hematoxylin and eosin (H&E) and GFP staining of WT 

and NG2-CreERiDTR bones (e). DAPI, 4,6-diamidino-2-phenylindole. Scale bars, 500�μm. Number of E0771-GFP cells per million of BM cells after BM 

flushing, counted manually (median, two-tailed Mann–Whitney U-test, P�=�0.0004) (f). g,h, Representative plots and gates used in FACS for detection 

and characterization of E0771-GFP cells in BM flushes. i, Number of E0771-GFP cancer cells per million of BM cells, counted by FACS (n�=�15 mice, median, 

two-tailed Mann–Whitney U-test, P�=�0.021). j, Percentage of E0771-GFP cells Ki67high and p27+ (FACS) (n�=�14, median, two-tailed Mann–Whitney U-test, 

P�=�0.038 and 0.05). *P�≤�0.05 (P values indicated above).
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epithelial cancers10,27. However, the source of these cytokines has 
remained elusive.

Here, we show using in vitro and in vivo assays that NG2+/
Nestin+ MSCs are a source of TGF-β2 and BMP7 and that both 
niche MSCs and cytokines maintain the dormancy of different can-
cer cell types via TGFBRIII and BMPRII, respectively and p38 and 
p27 signaling. Furthermore, depletion of the NG2+/Nestin+ MSCs 

or knockout (KO) of TGF-β2 specifically from NG2+/Nestin+ MSCs 
led to metastatic outgrowth in the BM. Also in 3D organoid assays 
‘revitalized’ but not ‘aged’ NG2+/Nestin+ MSCs can reprogram 
malignant cells into a dormancy-like phenotype. Last, detectable 
BMP7 and TGF-β2 levels were observed at higher frequency in the 
BM of patients with estrogen receptor positive (ER+) BC without 
systemic recurrence compared to patients with systemic recurrence 
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and BMP7 presence was associated with a longer time to meta-
static recurrence after therapy. Our results pinpoint a functional  
link between the niches that control adult HSC quiescence and  
DTC dormancy.

Results
Depletion of NG2+/Nestin+ MSCs from the BM niche reacti-
vates dormant E0771 DTCs. The BM frequently harbors dormant 
DTCs in both humans and mice2,4,8,10–12. As observed in humans 
and previous models of BM DTC detection, in both spontaneous 
(MMTV-HER2 (ref. 30) and Fig. 1a) and experimental metastatic 
BC mouse models (intracardiac- injected E0771-GFP (Fig. 1b) and 
MMTV-PyMT-CFP cells) we could only find few DTCs in the BM 
of femurs, sternum and calvaria bones (150–400 DTCs per million 
BM cells). In wild-type (WT) animals these DTCs were nonmeta-
static or developed lesions at low frequency in the bones (~5−16%; 
Figs. 1d and 5d). In contrast, these mice showed 100% incidence of 
metastasis to the lung (data not shown), which is frequently a per-
missive site for metastasis10.

Different factors and BM stromal cells were proposed to induce 
and maintain DTC dormancy11,16,19–22. However, in vivo studies func-
tionally linking specific BM cells and dormancy-inducing factors to 
DTC dormancy are still missing. NG2+/Nestin+ MSCs are critical 
inducers of HSC quiescence and hematopoiesis27. Thus, we set out to 
test whether, as with dormancy of HSCs27, the NG2+/Nestin+ MSCs 
could also induce dormancy of DTCs. To this end we took advan-
tage of the C57BL/6 NG2-CreER inducible diphtheria toxin receptor 
(iDTR) mouse model27,31. Treatment of mice with 2 mg of tamoxifen 
(TAM) for 5 d leads to Cre recombinase activation and the expression 
of the diphtheria toxin receptor (DTR) in periarteriolar NG2+ cells, 
which upon 2-day treatment with 250 ng of diphtheria toxin (DT) 
causes a targeted depletion of NG2+ cells27,31. This strategy repro-
ducibly led to the depletion of ~50% of NG2+/Nestin+ MSCs (mea-
sured as CD45−Ter119−CD31−PDGFRa+CD51+ MSCs (Extended 
Data Fig. 1a–c), which overlap with NG2+/Nestin+ MSCs27,31) in 
the BM of long bones. Twenty-four hours after DT treatment, we 
performed intracardiac injection of 2 × 105 E0771-GFP cells per 
mouse (Extended Data Fig. 1a and Supplementary Movie 1) and 2 
weeks later, we measured the burden of BM DTCs. All mice had 
E0771-GFP+ DTCs in the BM detectable by fluorescence-activated 
cell sorting (FACS) (Fig. 1g,h), corroborating the injection effi-
ciency and that these cells can persist in the BM at a low burden in 
all injected mice. Only 5% (1 out of 20) of WT mice showed >1,000 
DTCs per million BM cells (manually counted after BM flush). In 
contrast, 55% (11 out of 20) of NG2-CreERiDTR mice with a defi-
ciency of NG2+/Nestin+ MSCs displayed a build-up of E0771-GFP+ 
colonies in the BM (Fig. 1c,d). Consistently, histological analysis 
confirmed that indeed the BM of WT animals exhibited normal 
histology, whereas NG2-CreERiDTR mice revealed large areas of 
bone metastasis and replacement of the BM by E0771-GFP+ can-
cer cells (Fig. 1e). Further, quantification of the DTC burden (both 
manual counting (Fig. 1f) and FACS assisted (Fig. 1i)) showed a 

striking increase in number of DTCs in the BM compartment of 
NG2-CreERiDTR compared to WT mice. FACS staining of Ki67 
and p27 also showed a statistically significant increase in the per-
centage of Ki67+E0771-GFP+ cells and decrease in p27+ DTCs 
was detected in NG2-CreERiDTR mice compared with WT mice  
(Fig. 1h–j). The results were reproduced using a MMTV-PyMT-CFP 
cell line with only 1 out of 5 (20%) control animals showing >103 
cancer cells per 106 BM cells, whereas 3 out of 5 (60%) showed reac-
tivation. The burden of cancer cells in the iDTR group animal that 
reactivated (60%) increased by tenfold and mice with a high cell 
burden showed a correlative increase in the percentage of Ki67+ 
DTCs upon depletion of NG2+/Nestin+ MSCs (Extended Data  
Fig. 1d–g). We conclude that a 50% reduction in NG2+/Nestin+ 
MSCs (measured as CD45−Ter119−CD31−PDGFRa+CD51+ MSCs) 
can cause bone-damaging metastatic reactivation of otherwise  
dormant DTCs.

Further characterization revealed that in WT mice, 75% of the 
solitary E0771−GFP DTCs were positive for p27 (quiescence regula-
tor10; Fig. 2a,b) and 54% were positive for p-ATF2 (p38-activated 
transcription factor32; Fig. 2d,e). In contrast, these same DTCs 
were 100% negative for Ki67 and phosphohistone H3 (PH3)  
(Fig. 2a,c,d,f), supporting a dormant phenotype (increased expres-
sion of p-ATF2 and p27 and decreased Ki67 and PH3) as reported 
in different cancer models10,33,34. In mice depleted of NG2+/Nestin+ 
MSCs, E0771-GFP+ resumed proliferation as evidenced by a reduc-
tion in the percentage of p27+ (28%) and p-ATF2+ (2%) cells and 
increase of Ki67+ (17%) and PH3+ (16%) in DTC clusters, which 
are not frequent in WT animals (Fig. 2a,c,d,f) and corroborated an 
awakening of DTCs and shift to a proliferative state.

DT and DTR-mediated cell death can induce inflammation 
when certain cell types are targeted35–37. However, we previously 
reported no difference in the number of leukocytes, expression of 
CXCL12 and KITL (stem cell factor) and no change in vascular vol-
ume in the NG2-CreERiDTR model27. Nevertheless, we performed a 
multiplex ELISA for pro-inflammatory cytokines in the BM super-
natant of WT and iDTR mice. We found no differences between 
the control and iDTR mice in the abundance levels of interleukin 
(IL)-1β, granulocyte–macrophage colony-stimulating factor, IL-2, 
IL-4, IL-6, IL-10, IL-12p70, monocyte chemoattractant protein-1 
or tumor necrosis factor-α levels (interferon-γ was undetectable; 
Extended Data Fig. 2a). Thus, reactivation of dormant DTCs upon 
NG2+/Nestin+ MSC depletion cannot be attributed to changes in 
the inflammatory cytokines that we measured.

To exclude that the increased DTC burden after 2 weeks was not 
due to differences in vascular permeability or extravasation effi-
ciency between WT and NG2-CreERiDTR mice, a group of animals 
was analyzed 24 h after intracardiac delivery of E0771-GFP cells 
and dextran–Texas Red injection (Extended Data Fig. 2b). No dif-
ferences in the amount of 70,000 MW dextran–Texas Red extravasa-
tion in the BM was observed after NG2+/Nestin+ MSC depletion as 
determined using image analysis (Extended Data Fig. 2c), reproduc-
ing previous results27 and suggesting no obvious alteration in vessel 

Fig. 3 | NG2+/Nestin+ MSCs are as a source of pro-dormancy factors TGF-β2 and BMP7 in the BM. a, mRNA levels of sorted CD45−CD31−Nestin-GFP− 

and Nestin-GFPbright MSCs from Nestin-GFP mice (n�=�4 independent experiments, median, two-tailed Mann–Whitney U-tests; P�=�0.027 (TGF-β2) 

and 0.031 (BMP7)). b, mRNA levels of sorted MSCs, OPCs and ECs (MSC population was used as reference, n�=�2 independent experiments, one-way 

analysis of variance with Geisser–Greenhouse correction, P�=�0.034 (TGF-β2) and 0.005 (BMP7)) c, TGF-β1, TGF-β2 and TGF-β3 and BMP7 levels in BM 

supernatant of WT and NG2-CreERiDTR mice 2 weeks after TAM and DT treatments (n�=�24 mice from two independent experiments, median, two-tailed 

Mann–Whitney U-tests; P�<�0.0001 (TGF-β2) and 0.011 (BMP7)). d–f, Imaging of Nestin-GFP+ MSCs in Nestin-GFP mice using immunofluorescence. 

Dormancy factors TGF-β2 (white (d,e); red (f)) and BMP7 (red (d,e)) are expressed near MSCs (Nestin-GFP, green (d–f); NG2, white (f); representative 

images of three independent experiments). Scale bars, 100�μm (d,e) and 25�μm (f). Dotted rectangles (d), high-magnification insert. g,h, Analysis of 

n�=�55 patients with ER+ BC with (M1) or without (M0) evidence of systemic recurrence. Data from SATT clinical study9 (g). TGF-β2 and BMP7 levels 

from BM plasma samples (two-tailed Fisher’s exact test, P�=�0.009). Metastasis-free survival analysis of patients who did not receive any secondary 

chemotherapy, excluding treatment-related interpretation bias, separated by detectable BMP7 levels compared to patients with no BMP7 (h). *P�≤�0.05  

(P values indicated above).
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permeability. Further, DTC burden was quantified after expansion 
of E0771-GFP+ cells 1 week in vitro (due to no or low detection of 
E0771-GFP+ in fresh BM flush). Similar numbers of E0771-GFP+ 
cells were found in WT and NG2-CreERiDTR mice (Extended Data 
Fig. 2d) arguing that the differences in final metastatic burden were 

not due to higher vessel permeability and/or early enhanced extrav-
asation of DTCs.

We next tested whether depletion of NG2+/Nestin+ MSCs 
affected DTC expansion once cancer cells had seeded and estab-
lished a foothold within the BM niche. To this end we used the same 
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NG2-CreERiDTR mouse model but the treatment with TAM for 5 d 
was followed by intracardiac injection of E0771-GFP cells, which 
were allowed to lodge for 72 h in unperturbed niches and only then 
we performed two daily treatments with DT (Extended Data Fig. 2e). 
Notably, depletion of NG2+/Nestin+ MSCs after DTCs had lodged 
in the BM niche also stimulated metastatic outbreak; only one-third 
(1 out of 6) of control WT mice displayed substantial expansion of 
E0771-GFP cells in the BM flushes, whereas all NG2-CreERiDTR 
mice (5 out of 5) had a statistically significant increase in frequency 
of cancer cells per BM cells (Extended Data Fig. 2f). We conclude 
that NG2+/Nestin+ MSCs are directly or indirectly responsible for 
maintaining pro-dormancy niches for DTCs in the BM.

NG2+/Nestin+ MSCs show enhanced production of the dormancy 
inducers TGF-β2 and BMP7. We had shown that TGF-β2 in the BM 
induced DTC dormancy10, whereas other groups identified BMP7 
as an inducer of DTC dormancy13. However, the functional source 
of TGF-β2 or other factors in the BM in vivo remained unidenti-
fied. We wondered whether NG2+/Nestin+ MSCs may regulate dor-
mancy by producing cues, such as TGF-β2. To address this question, 
we sorted BM CD31−CD45−Nestin-GFPbright (from now on called 
nestin-GFP+) and CD31−CD45−Nestin-GFP−cells (from now on 
called Nestin-GFP−) (Supplementary Fig. 1a) and measured messen-
ger RNA levels of TGF-β1, BMP2 (involved in dormant DTC reac-
tivation13,34), TGF-β2 and BMP7 (dormancy-inducing cues10,13,34). 
The Nestin-GFP+ cells showed higher mRNA levels of TGF-β2 and 
BMP7 than Nestin-GFP− cells (Fig. 2a). In addition, because it has 
been shown that other niche cells have high expression of TGF-β2 
(refs. 38,39), we compared TGF-β1, TGF-β2 and BMP7 mRNA lev-
els in MSCs, osteo-progenitor cells (OPCs) and endothelial cells 
(ECs). To this end, we sorted MSCs (CD45−CD31−Ter119−PDGFR
a+CD51+), OPCs (CD45−Ter119−CD31−ALCAM+ OPCs) and ECs 
(CD45−Ter119−CD31+vEcad+ ECs) from WT mice (Supplementary  
Fig. 1b) and we found that TGF-β1 is equally expressed by MSCs, 
OPCs and ECs; TGF-β2 was higher in MSCs and OPCs and BMP7 
was uniquely produced by MSCs (Fig. 3b). Thus, MSCs are not an 
exclusive source of TGF-β2 but are the only niche cells produc-
ing both pro-dormancy TGF-β2 and BMP7 cues. Further, ELISA 
measurements of the BM supernatants from NG2-CreERiDTR mice 
showed a statistically significant decrease in TGF-β2 and BMP7 lev-
els but not TGF;β1 or TGF;β3 upon NG2+/Nestin+ MSC depletion 
compared with WT mice (Fig. 3c), suggesting that pro-dormancy 
niches established by NG2+/Nestin+ MSCs are a source of TGF-β2 
and BMP7 in the BM but that other cells may compensate for the 
production and total levels of TGF-β1 and TGF-β3. Imaging of 
TGF-β2 and BMP7 in relation to Nestin-GFP cells revealed that 
BMP7 was more predominant in the growth plate (Fig. 2d) and 
seemed to accumulate as a secreted factor around Nestin-GFP+ cells 
(BMP7 is an extracellular matrix-bound factor40,41) or colocalizing 
with the Nestin-GFP signal (Fig. 3d,e), whereas TGF-β2 was found 

homogeneously distributed across the BM. We could also find it 
colocalizing with the NG2 and Nestin-GFP signals supporting their 
production by MSCs (Fig. 3d–f). We conclude that pro-dormancy 
NG2+/Nestin+ MSCs are a source of TGF-β2 and BMP7 in the BM.

TGF-β2 and BMP7 detection in BM supernatant from patients 
with ER+ BC. Given that the lower levels of TGF-β2 and BMP7 
upon NG2+/Nestin+ MSC depletion were associated with reactiva-
tion of dormant DTCs leading to metastatic outgrowth (Fig. 1), we 
tested the hypothesis that the abundance of these two factors in the 
BM of patients with BC might provide some information on their 
progression. To this end we tested a small subset of BM plasma sam-
ples from patients with early BC with ER+ disease, the BC subtype 
most often experiencing tumor dormancy and late recurrences in 
the bone, among other sites. These samples were part of a clinical 
study monitoring DTC status after completion of standard adjuvant 
anthracycline-containing chemotherapy9. TGF-β2 and BMP7 levels 
from BM plasma were detected using multiplex ELISA and revealed 
that patients without systemic recurrence (M0) during follow up 
had 2.28- and 1.62-fold higher frequency of detectable TGF-β2 and 
BMP7, respectively, compared to patients with systemic recurrence 
(M1) (Fig. 3g). Notably, metastasis-specific survival analysis of the 
subgroup of patients who did not receive any secondary chemo-
therapy, excluding treatment-related interpretation bias, pointed to 
markedly improved distant disease-free survival for patients with 
detectable BMP7 compared to patients with no BMP7 (Fig. 3h), 
regardless of abundance levels. Survival analysis was not possible 
for TGF-β2 due to the low number of patients showing detectable 
TGF-β2 levels. This small pilot analysis supports expanding the 
analysis of the association between detectable levels of factors such 
as TGF-β2 and BMP7 and time to metastatic recurrence in ER+ 
patients after therapy.

NG2+/Nestin+ MSCs activate TGFBRIII and BMPRII signaling 
and a low ERK/p38 signaling ratio in cancer cells. We next tested 
whether NG2+/Nestin+ MSCs could activate key dormancy path-
ways downstream of TGF-β2 and BMP7 signaling in cancer cells. To 
this end, we optimized a co-culture system of sorted NG2+/Nestin+ 
MSCs and various human and mouse cancer cells. In this assay, 
CD45−CD31−Nestin-GFP cells sorted from BM were co-cultured 
(1:1 ratio) with cancer cells on top of Matrigel at low density. The 
co-cultures were followed for up to 4 d to ensure that the MSCs 
retained functionality42. We monitored the frequency at which single 
cancer cells (to mimic solitary DTC biology) remain in a solitary state 
or progressed to small and large cancer cell clusters, a measure of pro-
liferative capacity (Extended Data Fig. 3a and Fig. 4a). The co-cultures 
revealed that the majority of control (no MSCs added) and also E0771 
BC cells co-cultured with Nestin-GFP− cells progressed to large clus-
ters; compared to control cells, Nestin-GFP− cells had some growth 
inhibitory effect on E0771 cells as we observed ~15% increase in the 

Fig. 4 | NG2+/Nestin+ MSCs activate TGF-β2 and BMP7 growth inhibitory signaling in cancer cells. a, Representative images of 3D co-cultures of 

E0771 cells with sorted Nestin-GFP− or + MSCs for 4�d. Top left: a single cell, a doublet and cluster of cancer cells. Scale bar, 50�μm; an NG2+/Nestin+ 

MSC (PDGFR-α+, red) near a cancer cell cluster (bottom left). Scale bar, 50�μm; representative images of positive cells for c-Cas-3 (apoptotic cells), 

phosphorylated retinoblastoma protein (p-RB) (proliferative cells), p-ATF2 (p38-pathway activation) and p27 (quiescent cells) markers (center and right). 

Scale bars, 10�μm (representative images of three independent experiments). PDGFR-α, platelet-derived growth factor receptor-α. b, Percentage of E0771 

cells in a single cell (P�=�0.01 and 0.03), doublet or cell cluster (P�=�0.04 and 0.02) states in the indicated co-cultures (n�=�3 independent experiments, 

mean and s.e.m., two-tailed Mann–Whitney U-tests). c–f, Percentage of E0771 cancer cells positive for c-Cas-3, p-RB, p-ATF2 and p27 in co-culture with 

Nestin-GFP− (dark green) or Nestin-GFP+ MSCs (bright green) (n�=�2 independent experiments, four wells per condition, mean, minimum and maximum). 

g–j, T-HEp3 cells with different biosensors were reverse transfected with siRNA for TGFBRIII and BMPRII followed by co-culture in Transwells with sorted 

Nestin-GFP− or -GFP+ cells. Representative images of T-HEp3 cells with ELK–Gal4::GFP (GFP+ when ERK1/2 pathway is active), p38-clover (when p38 

is active the cytoplasmic signal predominates) and p27K– mVenus (mVenus signal indicates cell cycle arrest) biosensors (representative images of 

three independent experiments) (g). Scale bar, 25�μm. Quantification of T-HEp3 biosensor cell lines after transfection followed by 24-h co-culture using 

Transwells (h–j) (n�=�3 independent experiments each, mean, minimum and maximum, two-tailed Mann–Whitney U-tests; P�=�0.05). *P�≤�0.05, P values 

indicated above.
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accumulation of cells in a single-cell state; however, arrest of can-
cer cells in a single cell or doublet state was dramatically increased 
in the presence of Nestin-GFP+ MSCs (Fig. 4b). Similar results were 
obtained with human head and neck squamous carcinoma T-HEp3 
cells (Extended Data Fig. 3b) and mouse BC MMTV-PyMT-CFP cells 
(Extended Data Fig. 3c). Treatment of E0771 cells in these conditions 
with TGF-β2, BMP7 or BM-conditioned medium (BM-CM) from 

WT TGF-β2+/+ mice also led to the accumulation of growth-arrested 
single cancer cells (Extended Data Fig. 3d,h). This effect was partially 
reversed when using BM-CM from mice heterozygous for TGF-β2 
(+/−) (Extended Data Fig. 3h). Thus, Nestin-GFP+ MSCs, which show 
enhanced expression of TGF-β2 and BMP7, were able to strongly sup-
press proliferation of different cancer cells similarly to the purified 
cues or BM-CM from mice with a full gene complement of TGF-β2. 
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Mechanistic analysis revealed that growth suppression was not due to 
apoptosis in the co-cultures (measured by cleaved caspase-3 (c-Cas3) 
levels), but due to a reduction in phosphorylated retinoblastoma 
protein levels and increase in p-ATF2 (a p38-pathway target) and 

p27 only observed in the cells co-cultured with Nestin-GFP+ MSCs 
(Fig. 4c–f) or treated with TGF-β2, BMP7 or TGF-β2+/+ BM-CM 
(Extended Data Fig. 3e–k). These changes were more evident in 
solitary E0771 cells, suggesting that in this state, cancer cells may be 
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more responsive to dormancy cues. Notably, TGF-β2 and BMP7 on 
their own could induce these molecular changes supporting that the 
Nestin-GFP+ MSCs may be activating these pathways through those 
cues. These results were corroborated using biochemical approaches, 
which showed that in two-dimensional cultures of E0771 cells, 
TGF-β2 and BMP7 activated SMAD2 and SMAD1/5 phosphoryla-
tion, respectively and that both converged on the phosphorylation of 
ATF2 and upregulation of p27 protein levels (Extended Data Fig. 3l),  
required for dormancy onset10. BM-CM from WT TGF-β2 mice led 
to similar changes in p-SMAD2, p-ATF2 and p27 (Extended Data  
Fig. 3l) as observed in response to TGF-β2 and BMP7; however, 
BM-CM from mice heterozygous for TGF-β2 (+/−) still activated these 
pathways suggesting that loss of one TGF-β2 allele cannot fully elimi-
nate the immediate response on the pathway activation within a few 
hours, but it can reduce the proliferative response over longer periods 
of treatment (Extended Data Fig. 3h).

Having established that E0771 cells were responsive to TGF-β2 
and BMP7 and that Nestin-GFP+ MSCs produce these factors, 
we tested whether the MSC effect was contact dependent and if 
growth suppression was indeed linked to signaling downstream of 
these cues. To this end, we used T-HEp3 cells engineered to express 
an ELK–GAL4::hrGFP biosensor to monitor ERK activity43, a p38 
shuttle-clover biosensor that shows clover cytoplasmic over nuclear 
signal when p38 is active44 and a p27K–mVenus reporter, where 
protein is stabilized and accumulated in the nucleus upon growth 

arrest45. T-HEp3-biosensor cells were transfected with short inter-
fering (si)RNAs for TGFBRIII and BMPRII (Extended Data Fig. 4a)  
and then cultured in the bottom of plates while Nestin-GFP− or 
Nestin-GFP+ cells were plated in upper level of the Transwells. 
These experiments showed that Nestin-GFP− cells do not lead to 
differences in cancer cell ERK, p38 or p27 biosensor activities and 
that TGFBRIII and BMPRII knockdown also do not change basal 
biosensors activities (Fig. 4g–j). In contrast, Nestin-GFP+ MSCs 
led to statistically significant induction of p38 and p27 activity in 
cancer cells, even without being in direct contact, and these acti-
vations were completely negated by knockdown of TGFBRIII and 
BMPRII. Accordingly, Nestin-GFP+ MSCs statistically significantly 
reduced ERK activity in cancer cells, which was also reversed by 
TGFBRIII, but not statistically significant by BMPRII knockdown 
(Fig. 4g–j). Both TGF-β2 and BMP7 activated the p27 and p38 
biosensors while inhibiting ELK activity in cancer cells (Extended 
Data Fig. 4b–d), supporting that they are faithful reporters and that 
Nestin-GFP+ MSCs can directly modulate key dormancy pathways 
via TGF-β2 and BMP7. In all cases, TGF-β2- or BMP7-dependent 
effects were reversed by knockdown of TGFBRIII in the case of 
TGF-β2, and BMPRII in the case of BMP7 (Extended Data Fig. 
4b–d). The above results provide strong evidence supporting 
that NG2+/Nestin+ MSCs secrete TGF-β2 and BMP7 to inhibit 
the mitogenic (ERK1/2) pathway and activate the growth arrest  
(p38 and p27) pathway.
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The ability of long-term cultured NG2+/Nestin+ MSC niche cells 
to maintain HSC self-renewal ex vivo is markedly diminished due to 
loss of the expression of niche factors in cultured MSCs42. The loss 
of these factors is also observed in MSCs passaged 3–5 times in cul-
ture42 (MSCs Ct); however, revitalized MSCs (rMSCs) engineered to 
express Klf7, Ostf1, Xbp1, Irf3 and Irf7 restore the synthesis of HSC 
niche factors of BM-derived cultured MSCs42. Notably, passaged 
NG2+/Nestin+ MSCs (MSCs Ct, MSCs kept in culture for 3–5 pas-
sages that show loss of function) were not able to suppress growth 
of E0771 cancer cells. In contrast, rMSCs that have the ability to 
maintain HSC self-renewal ex vivo were able to suppress prolifera-
tion of E0771 cells (Extended Data Fig. 4e), which correlated with 
the specific upregulation of TGF-β2 (not TGF-β1) and BMP7 in 
rMSCs comparted to control MSCs (Extended Data Fig. 4f). These 
data further support that functional NG2+/Nestin+ MSCs are able 
to suppress cancer cell growth and that alterations of these cells may 
impair their dormancy-inducing function.

Conditional deletion of TGF-β2 in NG2+/Nestin+ MSCs trig-
gers DTC escape from dormancy in the BM. The above experi-
ments support strong evidence that NG2+/Nestin+ MSCs are critical 
for cancer cell dormancy onset and maintenance in the BM niche 
(Fig. 1). Additionally, we provide evidence that these MSCs pro-
duce abundant amounts of TGF-β2 and BMP7 (Fig. 3) and that 
they activate dormancy signaling pathways in cancer cells (Fig. 4). 
However, these experiments still do not prove that dormancy cues 
derived from NG2+/Nestin+ MSCs in the niche in vivo are required 
for dormancy. To address this missing link, we focused on TGF-β2 
because of our knowledge on the role of this cytokine in dormancy 
induction and its higher levels in NG2+/Nestin+ MSCs (Fig. 3a and 
elsewhere39).

We crossed NG2-CreER mice with TGF-β2flox mice to gener-
ate specific conditional deletion of this cytokine in the NG2 
lineage. We confirmed decreased levels of TGF-β2 in NG2+/
Nestin+ MSCs (sorted CD45−Ter119−CD31−PDGFRa+CD51+ 
MSCs, which contain NG2+/Nestin+ MSCs) from the BM of 
NG2-CreERTGF-β2 mice with TAM induction (Fig. 5a–c), but no 
differences in TGF-β1 levels, supporting the specificity of gene 
disruption (Extended Data Fig. 5a). Although the NG2-CreER 
driver is mainly restricted to periarteriolar Nestin-GFP+ stro-
mal cells, it can also be detected in chondrocytes, osteocytes and 
rarely in osteoblasts46,47. To determine whether the conditional 
KO strategy that we selected may impact TGF-β2 in those cells, 
we sorted MSCs, OPCs and ECs from WT and NG2-CreERTGF-β2 
(KO) mice. Only TGF-β2 levels in MSCs decreased significantly 
upon TAM treatment, supporting that the depletion is specific for 
TGF-β2 in MSCs (Extended Data Fig. 5b). To test whether disrup-
tion of TGF-β2 production in the NG2+/Nestin+ MSC niche in 
NG2-CreERTGF-β2 mice would affect DTC behavior we injected 
E0771-GFP cells into the left ventricle of the heart of animals and 
killed them 2 weeks later. All mice had detectable E0771-GFP+ 
DTCs in the BM by FACS (Fig. 5f), corroborating the injection 
efficiency. However, only ~16% (4 out of 24) of WT mice showed 
>1,000 DTCs per million BM cells (manually counted after BM 
flush), whereas 48% (14 out of 29) of NG2-CreERTGF-β2 (KO) 
mice displayed a build-up of E0771-GFP+ colonies in the BM 
(Fig. 5d). Consistently, quantification of the DTC burden (both 
manual counting (Fig. 5e) and by FACS (Fig. 5f)) showed an 
increase in number of DTCs in the BM compartment of TGF-β2 
KO mice compared with WT. Additional analysis revealed that 
metastatic masses in TGF-β2 KO mice showed a decrease in the 
percentage of p27+ cells (23%) and an increase in the number 
of Ki67+cells (10%) compared to solitary DTCs and small DTC 
clusters in WT mice (57% p27+ and 3% Ki67+) (Fig. 5h,i). A 
similar difference was found by FACS staining of Ki67, where we 
found an increase in the percentage of E0771-GFP+Ki67high cells  

(Fig. 5g). We conclude that niches containing NG2+/Nestin+ 
MSCs and that produce TGF-β2 are required for BC cell dor-
mancy induction in the BM compartment.

Discussion
Building on previous studies11,20, we show that the BM perivascular 
niche plays an important role in DTC dormancy. However, here we 
make a leap in our understanding of this biology by revealing a spe-
cific BM cell type, namely NG2+/Nestin+ MSCs, which maintains 
both HSC27 and DTC dormancy in this organ. We further reveal the 
mechanism behind this biology, where NG2+/Nestin+ MSCs secrete 
TGF-β2 and BMP7 to signal through TGFBRIII and BMPRII lead-
ing to activation of SMAD, p38 and p27 pathways and cancer dor-
mancy. Our work provides functional evidence for the long-held 
notion that HSC dormancy niches support DTC dormancy. Our 
findings are also deeply linked to the ‘seed and soil’ theory of metas-
tasis48. However, our findings reshape this paradigm to show that 
the ‘seed and soil’ relationship in BM is not for growth of DTCs 
but rather for the induction and maintenance of dormancy. In fact, 
our data support that when the ‘soil’ is negatively altered metasta-
sis ensue. Thus, certain organs rather than being a proper ‘soil’ for 
metastasis may indeed be homeostatic and their normal function as 
the ‘soil’ is pro-dormancy; when they are altered or damaged they 
lose their metastasis suppressing function.

Despite our efforts, the low number of DTCs in the majority of 
control mice (150–400 DTCs per million BM cells) we used pre-
cluded mapping statistically their location in relation to vascular 
structures. Thus, we focused on a functional analysis. We now iden-
tify the active role of NG2+/Nestin+ MSCs in inducing and main-
taining DTC dormancy in vivo. We went a step further and proved 
in vivo the crucial role of TGF-β2 produced by NG2+/Nestin+ MSCs. 
Future studies will test the function of BMP7 in these and other 
BM cells. Our data also suggest that NG2+/Nestin+ MSC-regulated 
niches are primarily pro-dormancy rather than only pro-survival, 
otherwise when the niche was disrupted in the NG2-CreERiDTR 
model, we would see DTC clearance instead of reactivation. 
However, it is possible that oncogenic signaling in the E0771 cells 
(K-Ras (activating), MKK4 and p53 (both inactivating mutants))49 
provide absent survival signals that could be altered when we elimi-
nate NG2+/Nestin+ MSCs. It is interesting that even carrying MKK4 
(p38 and JNK upstream activator) and p53-inactivating mutations 
(and K-Ras active mutant) E0771 efficiently activated p38 signaling 
and CDK inhibitors expression. Perhaps TGF-β2 and BMP7 signal-
ing is more reliant on MKK3/6 signaling for p38 activation. It also 
supports that niche cues can override potent oncogene signaling, 
further solidifying the notion that microenvironmental mecha-
nisms may be dominant over genetics50,51 if cancer cells can still 
‘read’ host homeostatic signals.

We also report no major differences in vessel permeability, abun-
dance of pro-inflammatory cytokines and DTC early seeding after 
NG2+/Nestin+ MSC depletion. Thus, the enhanced DTC growth 
in NG2+/Nestin+ MSCs depleted before or after seeding in the BM 
was not due to a seeding/colonization phenotype or a widespread 
inflammatory response. However, we cannot rule out that circum-
scribed and limited inflammation in the sites where the DT kills 
the iDTR-expressing NG2+/Nestin+ MSCs, could lead to tumor 
cell awakening. An important next question will be to define how 
cancer cells with different genetics and from different cancer types 
might affect the HSC niche to support or block a positive loop feed-
ing dormancy of both HSC and DTCs in a homeostatic normal-like 
BM environment. Our results may also start to define which genetic 
alterations may allow cancer cells to escape microenvironmen-
tal control by NG2+/Nestin+ MSCs. For example, genetic altera-
tions that affect TGFBRIII52–54 and BMPRII13,55 have been linked to 
increased bone metastasis in breast and prostate cancer, indicating 
that such alterations may allow DTCs to escape homeostatic control. 
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These genetic changes detected in DTCs may serve as biomarkers to 
help monitor more closely patients at risk of relapse. To this end we 
provide promising data that monitoring for example BMP7 pres-
ence or absence in patients with ER+ BC can inform on the time to 
metastatic relapse. Patients that presumably had intact or functional 
NG2+/Nestin+ MSC and/or other niches and had detectable BMP7 
were less prone to develop metastasis.

It is important to highlight that different cell types may produce 
the same or other dormancy cues, as we observed that OPCs also 
make TGF-β2 (Fig. 3b) and Nestin-GFP− cells slightly increase can-
cer cell growth arrest (Fig. 4b). Also, the driver we used, NG2-CreER, 
is mainly restricted to MSCs but it can also target chondrocytes, 
osteocytes and few osteoblasts (data not shown and reported else-
where47). However, our data from NG2-CreERTGF-β2 mice supports 
that the NG2-CreER promoter is restricted to MSCs and not OPCs 
or ECs. Thus, the loss of TGF-β2 in NG2+/Nestin+ MSCs is the main 
change that allows cancer cell to avoid entering dormancy in the BM. 
However, our experimental design did not allow testing the direct 
role of TGF-β2 produced by MSCs in dormancy maintenance. It is 
possible, as other cell types in the BM niche are also key contribu-
tors to the pro-dormancy HSC niche. To this end, it was previously 
described that osteoblasts are also a source of TGF-β2 (refs. 22,39), 
but in our mouse models these cells do not seem to compensate 
for the loss of TGF-β2 in NG2+/Nestin+ MSCs or for the 50% loss 
of NG2+/Nestin+ MSCs after DT treatment. NG2+/Nestin+ MSCs 
may also produce additional factors to TGF-β2 and BMP7, which 
would explain why the penetrance of the phenotype seems greater 
when we compare DTC burden in the NG2-CreERiDTR model  
(Fig. 1) versus NG2-CreERTGF-β2 (Fig. 5).

It is known that aging affects the proper function of HSC niches 
by downregulation of niche factors by passaged MSCs42 and that in 
aged mice the BM microenvironment shows lower levels of TGF-β2 
and BMP7 (ref. 56). Our results offer a new opportunity to under-
stand how aging, inflammation and the cancer cells themselves 
may alter MSCs functionality leading to a disruption of the BM 
pro-dormancy niche, DTC awakening and bone metastasis forma-
tion (Fig. 6). Finally, a remaining question, but beyond the scope 
of our study, is whether the function of NG2+/Nestin+ MSCs as 
pro-dormancy niche orchestrators is limited to the BM or whether 
it has similar roles in other metastasis target organs. Overall, we 
propose that this work shifts our understanding on how homeo-
static mechanisms that control adult stem cell quiescence may gov-
ern dormancy of disseminated cancer cells and control the timing of 
metastasis. Our work reshapes the paradigm of metastasis by reveal-
ing how the homeostatic BM microenvironment actually serves 
mainly as a metastasis suppressive ‘soil’ via dormancy induction.

Methods
Animals. Nes-GFP57 mice were bred in and obtained from the Frenette’s laboratory 
at the Albert Einstein Institute. B6.Cg-Tg(Cspg4-cre/Esr1*)BAkik/J (NG2-CreER, 
Jackson Laboratory, stock 008538), C57BL/6-Gt(ROSA)26 Sortm1(HBEGF) Awai/J 
(iDTR, Jackson Laboratory, stock 007900) and TGFβ2flox (58 a gift from Mohamad 
Azhar’s laboratory) were maintained on the C57BL/6J background and bred and 
crossed in our facilities. Mice were kept at 20–26 °C, 30–70% humidity, 12-h dark/
light cycles, with food (LabDiet 5053 rodent diet) and water (reverse osmosis 
water) accessible at all times. All experimental procedures were approved by the 
Institutional Animal Care and Use Committee of Icahn School of Medicine at 
Mount Sinai. All NG2-CreERiDTR and NG2-CreERTGF-β2 mice were genotyped 
using the primers listed below, number-tagged and allocated according with their 
genotype. The 7–8-week-old female mice were used in all experiments. Primers 
were: NG2-CreER F, TTAATCCATATTGGCAGAACGAAAACG; NG2-CreER R, 
CAGGCTAAGTGCCTTCTCTACA; DTR F, ACGGAGAATGCAAATATGT 
GAAGGA; DTR R, ACACCTCTCTCCATGGTAACCT; ROSA WT F, TTCCCTC 
GTGATCTGCAACTC; ROSA WT R, CTTTAAGCCTGCCCAGAAGACT; TGFβ2f/f 
F, GCTGGCGCCGGAAC; TGFβ2f/f R, GCGACTATAGAGATATCAACCACTTTGT; 
TGFβ2 WT F, TGGCCTAGAAAGCCAGATTACAC; and TGFβ2 WT F, 
GGAGAGGCGAGTAAAGGAGAAG.

Induction of NG2-CreER-mediated recombination and iDTR-mediated cell 
depletion. The 7–8-week-old female mice were injected i.p. with 2 mg of TAM 

(Sigma, T5648) dissolved in corn oil daily for 5 d to induce the CreER-mediated 
recombination. In case of NG2-CreERiDTR, mice were also injected i.p. with 
250 ng of DT (Millipore, 322326) dissolved in serum chloride daily for 2 d for 
iDTR-mediated cell depletion.

Metastasis assays. A total of 2 × 105 E0771-GFP or MMTV-PyMT-CFP 
cells were intracardiac injected with echo-guidance using micro ultrasound 
Vevo2100, Transducer MS-250, 21 MHz and Vevo LAB 3.1.1 software (FUJIFILM 
VisualSonics; Supplementary Movie 1). At 24 h or 2 weeks later, mice were killed 
and organs were collected and processed. In a group of mice, 70,000 MW lysine 
fixable dextran–Texas Red (Invitrogen) was retro-orbital injected 15 min before 
mice were killed and perfused with PBS. BM cells were flushed from femurs 
and tibias, red-blood-cell lysis buffer (Lonza) was used for 2 min followed by 
quantification of GFP+ cells and normalization to the total number of BM cells.

Flow cytometry and cell sorting. BM cells were flushed, incubated in 
red-blood-cell lysis buffer (Lonza) for 2 min and remaining cells were 
permeabilized with 0.05% Triton (when using intracellular antibodies) and 
stained using antibodies and dilutions described in the Nature Research Reporting 
Summary linked to this article for 15 min at 4 °C in the dark. In the case of host BM 
cell sorting (Nestin-GFP, MSCs, OPCs and ECs), 3–4 mice cells were pooled per 
experiment and condition. All experiments were performed using BD FACSAria II 
equipped with FACS Diva software (BD Biosciences). Dead cells and debris were 
excluded by FSC, SSC and DAPI (Thermo Fisher Scientific) staining profiles. Data 
were analyzed with FACS Diva (BD Biosciences) or FSC Express Cytometry 7 (De 
Novo) software.

Histopathology. After dissection, bones were fixed in 4% paraformaldehyde (PFA; 
Thermo Fisher Scientific) for 24 h. Bones were then decalcified in 14% EDTA, 
renewed every other day for 7–10 d at 4 °C with agitation. Bones were processed, 
embedded in paraffin and sections were cut. H&E and immunofluorescences were 
performed and slides were scanned using NanoZoomer S60 Digital slide scanner 
and NDP.view2 software (Hamamatsu).

Immunofluorescence. Tissue sections were submitted to hydration in xylene 
and a graded alcohol series, slides were steamed in 10 mM citrate buffer (pH 
6) for 40 min for antigen retrieval. Fixed 3D cultures were permeabilized using 
0.5% Triton X-100 in PBS for 20 min. Both sections and co-cultures were blocked 
with 3% bovine serum albumin (BSA; Fisher Bioreagents) and 5% normal goat 
serum (Gibco PCN5000) in PBS for 1 h at room temperature. Primary antibodies 
described in the Nature Research Reporting Summary linked to this article were 
incubated overnight at 4 °C, followed by washing and secondary antibodies 
(Invitrogen, 1:1,000 dilution) incubation at room temperature for 1 h in the dark. 
Slides were mounted with ProLong Gold Antifade reagent with DAPI (Invitrogen, 
P36931) and images were obtained using Leica Software on a Leica SPE confocal 
microscope. All quantifications were performed using a double-blind method 
(quantification of coded samples and de-codification upon completion to interpret 
the results across multiple animals).

Whole-mount staining. Calvaria bones were fixed overnight at 4 °C in 4% PFA, 
blocked overnight with agitation in 3% BSA–5% normal goat serum, followed by 
a 24-h incubation at 4 °C with agitation with primary antibodies and dilutions 
described in the Nature Research Reporting Summary linked to this article. 
Washing for 10 h was followed by secondary antibody (Invitrogen, 1:1,000 dilution) 
incubation at 4 °C, overnight with agitation and 10-h wash. Images were obtained 
using Leica Software on a Leica SPE confocal microscope.

Sternal bones were collected and transected with a surgical blade into 2–3 
fragments, 10 min after retro-orbital injection of antibodies and dilutions described 
in the Nature Research Reporting Summary linked to this article. The fragments 
were bisected sagittally for the BM cavity to be exposed, fixed in 4% PFA and 
immunofluorescence staining was performed as described above. Images were 
acquired using a ZEISS AXIO examiner D1 microscope (Zeiss) with a confocal 
scanner unit, CSUX1CU (Yokogawa).

Quantitative PCR. Sorted cells were processed using Cell-to-CT 1-Step Power 
SYBR Green kit (Invitrogen, A25600). GAPDH was used as housekeeping control 
for all experiments. Primers were: mouse TGF-β1 F, CCT GAG TGG CTG TCT 
TTT GA; mouse TGF-β1 R, GCT GAA TCG AAA GCC CTG TA; mouse TGF-β2 
F, TAA AAT CGA CAT GCC GTC CC; mouse TGF-β2 R, GAG ACA TCA AAG 
CGG ACG AT; mouse BMP2 F, TGG AAG TGG CCC ATT TAG AG; mouse 
BMP2 R, TGA CGC TTT TCT CGT TTG TG; mouse BMP7 F, GAA AAC AGC 
AGC AGT GAC CA; mouse BMP7 R, GGT GGC GTT CAT GTA GGA GT; mouse 
GAPDH F, AAC TTT GGC ATT GTG GAA GGG CTC; and mouse GAPDH R, 
TGG AAG AGT GGG AGT TGC TGT TGA.

Human samples. The BM plasma samples analyzed for TGF-β2 and BMP7 were 
55 females selected from patients with early BC included in the SATT study9, 
between 18 and 65 years old (median age 48 years). In this study the patients 
with early BC, who had completed adjuvant chemotherapy, were monitored for 
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DTCs 2–3 months (BM1) and 8–9 months (BM2) after completion of adjuvant 
anthracycline-containing chemotherapy. If DTC-positive at 8–9 months, the 
patients received secondary chemotherapy intervention with docetaxel, followed 
by subsequent DTC monitoring 1 (BM3) and 12 months (BM4) after docetaxel. 
Patients with disappearance of DTCs (80%) experienced excellent prognosis 
compared to the patients with DTC persistence (20%)9. BM aspirates (from 
posterior iliac crest bilaterally) collected for DTC analyses were diluted 1:1 in 
PBS and separated by density centrifugation using Lymphoprep (Axis-Shield) as 
previously described9. Later on in the inclusion period the plasma supernatant 
after density centrifugation was collected (if possible) and stored initially at 
−20 °C and later transferred to −80 °C. From the available BM plasma samples, 
we initially performed a limited analysis of plasma samples from patients being 
DTC-positive at either BM1 or BM2 or experiencing systemic relapse without DTC 
presence. Of these, 55 had ER+ disease, including 30 patients receiving secondary 
intervention with docetaxel chemotherapy and 25 patients with no secondary 
treatment intervention. The original SATT study9 was approved by the Research 
Committee at the Cancer Clinic, Oslo University Hospital and by the Regional 
Ethical Committee (ref. no. S-03032). Written informed consent was obtained from 
all patients. The study is registered in Clinical Trials Gov (registration number 
NCT00248703). Use and analysis of these samples in the present study is covered 
by these originally obtained approvals and written informed consent.

ELISA. Mouse BM supernatant was collected after BM flush centrifugation 
and stored at −80 °C with phosphatase and protease inhibitors (Thermo 
Fisher Scientific). TGF-β and pro-inflammatory ELISAs were performed 
by Eve Technologies using the Luminex 100 and 200 systems (Luminex), 
Eve Technologies’ TFG-β 3-Plex Discovery Assay (MilliporeSigma) and Eve 
Technologies’ Mouse Focused 10-Plex Discovery Assay (MilliporeSigma). 
BMP7 ELISA was performed using RayBio kit (RayBio, ELM-BMP7) following 
manufacturer’s instructions.

Patient BM supernatants were analyzed for TGF-β2 and BMP7 by multiplex 
ELISA at Human Immune Monitoring Center at Mount Sinai. ELISA assays were 
performed using human TGF-β2 (R & D System, DY302) and BMP7 (R & D 
System, DY354) kits following manufacture’s recommendation. Data were analyzed 
using a Four Parameter Logistic Fit method.

Cell culture. E0771 (CH3 BioSystems), E0771-GFP (a gift from John Condeelis’ 
laboratory) and MMTV-PyMT-CFP (a gift from J. Debnath) BC cell lines were 
cultured in RPMI (Gibco) supplemented with 10% fetal bovine serum (Gemini), 
10 mM HEPES (Corning), 100 U ml−1 penicillin and 100 μg ml−1 streptomycin 
(Corning). The tumorigenic HEp3 (T-HEp3)59 head and neck squamous cell 
carcinoma patient-derived xenograft line and Ct MSCs and rMSCs42 were 
generated and maintained as described previously.

T-HEp3 cells were engineered to express an ELK–GAL4::hrGFP43, p38 
shuttle-clover44 and p27K–mVenus45 biosensors. T-HEp3 cells with the biosensors 
were reversely transfected with siRNAs (siTGFBRIII, Invitrogen 32274204; 
siBMPRII, Oncogene SR300456B) using Lipofectamine RNAiMAX transfection 
reagent (Invitrogen) according to the manufacturer’s instructions.

Transwell co-cultures were performed using permeable Transwell assays 
(Corning), in which transfected cells were plated in the bottom of the well and 
sorted by Nestin-GFP− or -GFP+ cells in the permeable inserts.

Low-density 3D organoid co-cultures. A total of 500–1,000 cells (E0771 only 
or with MSCs) were seeded in 400 μl assay medium (each cell line medium with 
reduced fetal bovine serum content (2–5%) plus 2% Matrigel) in eight-well 
chamber slides (Falcon) on top of 50 μl of growth factor-reduced Matrigel 
(Corning). Cultures were treated every 24 h starting at day 0 with TGF-β2 (R&D), 
BMP7 (R&D) or BM-CM. SCs, doublets and clusters were quantified after 4 d and 
the cultures were fixed with 4% PFA for 20 min.

Western blot. Samples were collected in RIPA buffer and protein concentrations 
were calculated using Coomassie Plus protein assay (Thermo Fisher Scientific) 
and a standard BSA curve. Samples were boiled for 8 min at 95 °C in sample buffer 
(0.04 M Tris-HCl (pH 6.8), 1% SDS, 1% β-mercaptoethanol and 10% glycerol). The 
8–10% SDS–PAGE gradient gels were run in running buffer (25 mM Tris, 190 mM 
glycine, 0.1% SDS) and transferred to PVDF membranes in transfer buffer (25 mM 
Tris, 190 mM glycine, 20% methanol). Membranes were blocked in 5% milk in 
TBS-T (Tris-buffered saline containing Tween-20) buffer. Primary antibodies 
described in the Nature Research Reporting Summary linked to this article were 
incubated overnight at 4 °C and washed with TBS-T buffer. HRP-conjugated 
secondary antibodies were left at room temperature for 1 h and washed with TBS-T 
buffer. Western blot development was performed using Amersham ECL Western 
Blot Detection (GE, RPN 2106) and GE ImageQuant LAS 4010.

Statistics and reproducibility. Sample sizes were chosen empirically; no statistical 
method was used to predetermine sample size and no exclusion criteria were 
applied. The experiments were not randomized, mice were number-tagged 
and quantifications were performed in coded samples to reduce operator bias. 
Statistical analyses were conducted using Prism software and differences were 
considered significant if P < 0.05. Unless otherwise specified, three or more 

independent experiments were performed, all values were included and median, 
interquartile range and two-tailed Mann–Whitney U-tests, incidence and Fisher’s 
exact test or mean and s.e.m. and two-tailed Student’s t-tests were performed.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data generated during the current study that support the reported findings  
are available in the manuscript, including in the provided Source Data files and 
from the corresponding author on reasonable request. Source data are provided 
with this paper.
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Extended Data Fig. 1 | Control of depletion of NG2+/Nestin+ MSCs and awakening of dormant PyMT-CFP DTCs in the BM.. a, 7-week old 

NG2-CreERiDTR mice (NG2-CreER- or +) were daily injected with tamoxifen for 5 days, followed by 1-day rest and 2 days with diphtheria toxin (DT). 24�h 

later 2�×�105 E0771-GFP cells were intra-cardiac injected and 2 weeks later mice were euthanized. b,c, FACS plots (b) and quantifications (c) confirming 

the depletion of NG2+/Nestin+ MSCs (CD45−Ter119−CD31−PDGFRα+CD51+) in NG2-CreERiDTR mice upon TAM and DT treatments compared with WT 

mice (n�=�5 WT and 5 iDTR mice, median, 2-tailed Mann–Whitney U-test, p�=�0.008). d-g, Detection and characterization of MMTV-PyMT-CFP cells in 

BM flushes by FACS (n�=�5 WT and 5 iDTR mice). e, Incidence of bone metastasis (>1000 GFP+ DTCs/106 BM cells) 2 weeks after cancer cell injections 

(2-tailed Fisher’s exact test). f, Number of MMTV-PyMT-CFP cancer cells per million BM cells (median, 2-tailed Mann–Whitney U-test). g, Percentage of 

Ki67high E0771-GFP cancer cells (median, 2-tailed Mann–Whitney U-test). *p≤0.05 (p-values indicated above). n.s. not significant.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Pro-inflammatory cytokine status, vessel permeability and BM DTC seeding in NG2+/Nestin+ MSCs-depleted mice. a, Levels 

of pro-inflammatory cytokines in BM supernatant of WT and NG2-CreERiDTR mice (n�=�13 WT and 11 iDTR mice, from 2 independent experiments, median 

and interquartile range, 2-tailed Mann–Whitney tests, *p≤0.05, n.s. not significant, n.d. not detected). b-d, NG2-CreERiDTR mice (NG2-CreER- or +) were 

daily i.p. injected with tamoxifen for 5 days followed by a rest day and 2 i.p. injections of DT. E0771-GFP cells were intra-cardiac injected and 24�h after 

70�K Dextran-TexasRed was injected 15�minutes prior euthanasia. c, Representative images of Dextran extravasation in perfused bones. Arrows, E0771-GFP 

cells. d, Number of E0771-GFP cells detected after 1 week of in vitro expansion of the BM aspirates collected 24�h after injection into mice (n�=�5 WT 

and 5 iDTR mice, median). e,f, NG2-CreERiDTR mice (NG2-CreER- or +) were daily i.p. injected with TAM for 5 days, followed by intra-cardiac injection of 

E0771-GFP cancer cells. Cells were allowed to disseminate and extravasate for 72�h followed by 2 i.p. injections of DT. f, Number of E0771-GFP cells/million 

BM cells (n�=�5 WT and 5 iDTR mice, median and 2-tailed Mann–Whitney tests, p=0.015). *p≤0.05 (p-values indicated above), n.s. not significant.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Effect of NG2+/Nestin+ MSCs, TGFβ2 and BMP7 on signalling pathways and growth cancer cells. a, 3D Matrigel assay used 

to track solitary cell to cluster growth. Single cells were plated on top of Matrigel in low density and the percentage of single cells, doublets and clusters 

was quantified 4 days after. b,c, Co-culture of human HNSCC PDX-derived T-HEp3 (b, n�=�4 independent experiments, 4 wells per condition, mean and 

SEM, 2-tailed Mann–Whitney tests p=0.04) and mouse BC MMTV-PyMT (c, n�=�2 independent experiments, 4 wells per condition, mean) cells with 

sorted Nestin-GFP- and Nestin-GFP+ MSCs for 4 days. d-k, E0771 cells were treated every day for 4 days with TGFβ2, BMP7 or bone marrow conditioned 

media (BM-CM) of TGFβ2+/+ or TGFβ2+/- mice. d and h. Percentage of cancer cells in a single cell, doublet or cluster state with the indicated treatments 

(d, n�=�5 independent experiments, 4 wells per condition each, mean and SEM, 2-tailed Mann–Whitney tests, p=0.03 and 0.005; h, n�=�4 independent 

experiments, 4 wells per condition each, mean and SEM, 2-tailed Mann–Whitney tests, p=0.000005, 0.0001, 0.002 (Ct vs. TGFβ2+/+: CS, doublets and 

clusters respectively) and 0.02 (TGFβ2+/+ vs. TGFβ2+/- clusters)). e-g and i-k. Percentage of positive cells for c-Cas-3, p-ATF2 and p27 upon the indicated 

treatments (n�=�2 independent experiments, 4 wells per condition each, mean, minimum and maximum). l, Western blots for the indicated antigens 

detected in E0771 cells treated for 24�h with the TGFβ2, BMP7 and different BM-CM preparations. Molecular weight markers in kDa. *p≤0.05, p-values 

indicated above.
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Extended Data Fig. 4 | Effect of TGFβ2 and BMP7 on signalling pathways (using ELK, p38 and p27 sensors) and MSCs in E0771 cancer cell growth. 
a-d, T-HEp3 cells with ERK, p38 and p27 activity biosensors were reversed transfected with control siRNA or siRNAs for TGFBRIII and BMPRII followed 

by 24-hour treatments with TGFβ2 and BMP7. a, TGFBRIII and BMPRII mRNA levels 48�h after transfection with the indicated siRNAs (n�=�3 independent 

experiments, mean, minimum and maximum, 2-tailed Mann–Whitney tests, p=0.01 (TGFbR3) and 0.002 (BMPR2)). b–d, Quantification of the 

T-HEp3-biosensors activity (n�=�3 independent experiments each, mean, minimum and maximum, 2-tailed Mann–Whitney tests, p=0.05). e, Percentage 

of E0771 cells in a single cell (p�=�0.002), doublet or cluster (p�=�0.005) state after co-culture with Control (passaged) or revitalized (r) MSCs (n�=�4 

independent experiments, 4 wells per condition per experiment, mean and SEM, 2-tailed Mann–Whitney tests). f, qPCR of TGFβ1, TGFβ2 and BMP7 from 

Control and rMSCs (n�=�2). *p≤0.05, p-values indicated above.

NATURE CANCER | www.nature.com/natcancer
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Extended Data Fig. 5 | NG2-CreERTGFβ2 mouse model controls. a, TGFβ1 mRNA levels in NG2+/Nestin+ MSCs (sorted using 

CD45−Ter119−CD31−PDGFRα+CD51+ markers) in NG2-CreERTGFβ2 mice upon TAM treatments compared with WT mice (n�=�4 independent experiments). 

b, TGFβ1, TGFβ2 and BMP7 mRNA levels in MSCs (CD45−CD31−Ter119−PDGFRα+CD51+), osteo-progenitor (CD45−Ter119−CD31−ALCAM+, OPCs) and 

endothelial (CD45−Ter119−CD31+vEcad+, ECs) cells from NG2-CreERTGFβ2 mice upon TAM treatments compared with WT mice (n�=�2 independent 

experiments). *p≤0.05, p-values indicated above.

NATURE CANCER | www.nature.com/natcancer
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The coronavirus disease 2019 (COVID-19) pandemic, caused by severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) has affected millions of people worldwide, igniting an unprecedented effort from the
scientific community to understand the biological underpinning of COVID19 pathophysiology. In this Review,
we summarize the current state of knowledge of innate and adaptive immune responses elicited by SARS-
CoV-2 infection and the immunological pathways that likely contribute to disease severity and death. We
also discuss the rationale and clinical outcome of current therapeutic strategies as well as prospective clin-
ical trials to prevent or treat SARS-CoV-2 infection.

Introduction
The recent emergence and rapid global spread of severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2) and the re-

sulting coronavirus disease 2019 (COVID-19) poses an unprece-

dented health crisis that was declared a pandemic by the World

Health Organization (WHO) on March 11, 2020. The origin of

SARS-CoV-2 was traced to the city of Wuhan in the province

of Hubei, China, where a cluster of viral pneumonia cases was

first detected, many in connection with the Huanan Seafood

Wholesale Market. China reported this outbreak to the WHO

on December 31, 2019 and soon after identified the causative

pathogen as a betacoronavirus with high sequence homology

to bat coronaviruses (CoVs) using angiotensin-converting

enzyme 2 (ACE2) receptor as the dominant mechanism of cell

entry (Lu et al., 2020a; Wan et al., 2020b). Following a likely zo-

onotic spillover, human-to-human transmission events were

confirmed with clinical presentations ranging from no symptoms

to mild fever, cough, and dyspnea to cytokine storm, respiratory

failure, and death. SARS-CoV-2 is also closely related to SARS

(retrospectively named SARS-CoV-1) and Middle Eastern respi-

ratory syndrome (MERS) CoVs, causing zoonotic epidemic and

local outbreaks in 2003 and 2012, respectively (de Wit et al.,

2016). While SARS-CoV-2 is not as lethal as SARS-CoV-1 or

MERS-CoV (Fauci et al., 2020), the considerable spread of the

current pandemic has brought tremendous pressure and disas-

trous consequences for public health and medical systems

worldwide.

The scientific response to the crisis has been extraordinary,

with a plethora of COVID-19 studies posted in preprint servers

in an attempt to rapidly unravel the pathogenesis of COVID-19

and potential therapeutic strategies. In response, trainees and

faculty members of the Precision Immunology Institute at the

Icahn School of Medicine at Mount Sinai (PrIISM) have initiated

an institutional effort to critically review the preprint literature

(Vabret et al., 2020), together with peer-reviewed articles pub-

lished in traditional journals, and summarize the current state

of science on the fast-evolving field of COVID-19 immunology.

We thematically focus on the innate and adaptive immune re-

sponses to SARS-CoV-2 and related CoVs, clinical studies and

prognostic laboratory correlates, current therapeutic strategies,

prospective clinical trials, and vaccine approaches.

Innate Immune Sensing of SARS-CoV-2
Innate immune sensing serves as the first line of antiviral defense

and is essential for immunity to viruses. To date, our understand-

ing of the specific innate immune response to SARS-CoV-2 is

extremely limited. However, the virus-host interactions involving

SARS-CoV-2 are likely to recapitulate many of those involving

other CoVs, given the shared sequence homology among

CoVs and the conserved mechanisms of innate immune

signaling. In the case of RNA viruses such as SARS-CoV-2, these

pathways are initiated through the engagement of pattern-

recognition receptors (PRRs) by viral single-stranded RNA

(ssRNA) and double-stranded RNA (dsRNA) via cytosolic RIG-I

like receptors (RLRs) and extracellular and endosomal Toll-like

receptors (TLRs). Upon PRR activation, downstream signaling

cascades trigger the secretion of cytokines. Among these, type

I/III interferons (IFNs) are considered the most important for anti-

viral defense, but other cytokines, such as proinflammatory tu-

mor necrosis factor alpha (TNF-a), and interleukin-1 (IL-1), IL-6,

and IL-18 are also released. Together, they induce antiviral pro-

grams in target cells and potentiate the adaptive immune

response. If present early and properly localized, IFN-I can effec-

tively limit CoV infection (Channappanavar et al., 2016, 2019).

Early evidence demonstrated that SARS-CoV-2 is sensitive to

IFN-I/III pretreatment in vitro, perhaps to a greater degree than

SARS-CoV-1 (Blanco-Melo et al., 2020; Lokugamage et al.,

2020; Mantlo et al., 2020; Stanifer et al., 2020). However, the
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specific IFN-stimulated genes (ISGs) that mediate these protec-

tive effects are still being elucidated. Lymphocyte antigen 6

complex locus E (LY6E) has been shown to interfere with

SARS-CoV-2 spike (S) protein-mediated membrane fusion

(Pfaender et al., 2020; Zhao et al., 2020c). Likely, the IFN-

induced transmembrane family (IFITM) proteins inhibit SARS-

CoV-2 entry, as demonstrated for SARS-CoV-1 (Huang et al.,

2011b), although their action in promoting infection has also

been described for other CoVs (Zhao et al., 2014, 2018).

Evasion of Innate Sensing by Coronaviruses

As these cytokines represent a major barrier to viral infection,

CoVs have evolved several mechanisms to inhibit IFN-I induction

and signaling. Numerous studies have demonstrated that SARS-

CoV-1 suppresses IFN release in vitro and in vivo (Cameron et al.,

2012; Minakshi et al., 2009; Siu et al., 2009; Wathelet et al.,

2007). SARS-CoV-2 likely achieves a similar effect, as suggested

by the lack of robust type I/III IFN signatures from infected cell

lines, primary bronchial cells, and a ferret model (Blanco-Melo

et al., 2020). In fact, patients with severe COVID-19 demonstrate

remarkably impaired IFN-I signatures as compared to mild or

moderate cases (Hadjadj et al., 2020). As is often the case, there

are multiple mechanisms of evasion for CoVs, with viral factors

antagonizing each step of the pathway from PRR sensing and

cytokine secretion to IFN signal transduction (Figure 1).

CoV-mediated antagonism of innate immunity begins with

evasion of PRR sensing. ssRNA viruses, like CoVs, form dsRNA

intermediates during their replication, which can be detected by

TLR3 in the endosome and RIG-I, MDA5, and PKR in the cytosol.

ssRNA may also be detected by TLR7 or TLR8 and potentially

RIG-I and PKR. CoVs are known to avoid PRR activation by

either avoiding recognition altogether or antagonizing PRR ac-

tion (Bouvet et al., 2010; Chen et al., 2009; Deng et al., 2017;

Hackbart et al., 2020; Ivanov et al., 2004; Knoops et al., 2008).

To evade PRRs, dsRNA is first shielded by membrane-bound

compartments that form during viral replication of SARS-

CoV-1 (Knoops et al., 2008). In addition, viral RNA is guano-

sine-capped and methylated at the 50 end by CoVs non-

structural proteins (NSPs) 10, 13, 14, and 16 (Bouvet et al.,

2010; Chen et al., 2009; Ivanov et al., 2004), thereby resembling

Figure 1. Mechanisms of Host Innate
Immune Response and Coronaviruses
Antagonism
Overview of innate immune sensing (left) and
interferon signaling (right), annotated with the
known mechanisms by which SARS-CoV-1 and
MERS-CoV antagonize the pathways (red).

host mRNA to promote translation, pre-

vent degradation, and evade RLR

sensing. Finally, CoVs also encode an

endoribonuclease, NSP15, that cleaves

50 polyuridines formed during viral repli-

cation, which would otherwise be de-

tected by MDA5 (Deng et al., 2017; Hack-

bart et al., 2020). CoVs have evolved

additional strategies to impede acti-

vation of PRRs. SARS-CoV-1 N-protein

prevents TRIM25 activation of RIG-I

(Hu et al., 2017). Likewise, MERS-CoV NS4a, which itself binds

dsRNA, impedes PKR activation (Comar et al., 2019; Rabouw

et al., 2016) and inhibits PACT, an activator of RLRs (Niemeyer

et al., 2013; Siu et al., 2014). Additionally, MERS-CoV NS4b an-

tagonizes RNaseL, another activator of RLRs (Thornbrough

et al., 2016). The role of other PRRs remains unclear. For

example, SARS-CoV-1 papain-like protease (PLP) antagonizes

STING, suggesting that self-DNA may also represent an impor-

tant trigger (Sun et al., 2012). The extent to which SARS-CoV-2

homologs overlap in these functions is currently unknown.

Following activation, RLR and TLRs induce signaling cas-

cades, leading to the phosphorylation of transcription factors,

such as NF-kB and the interferon-regulatory factor family (IRF),

ultimately leading to transcription of IFN and proinflammatory

cytokines. Although no experimental studies have delineated

the precise functions of SARS-CoV-2 proteins, proteomic

studies have demonstrated interactions between viral proteins

and PRR signaling cascades. SARS-CoV-2 ORF9b indirectly in-

teracts with the signaling adaptor MAVS via its association with

Tom70 (Gordon et al., 2020), consistent with prior reports that

SARS-CoV-1 ORF9b suppresses MAVS signaling (Shi et al.,

2014). Furthermore, SARS-CoV-2NSP13 interactswith signaling

intermediate TBK1, and NSP15 is associated with RNF41, an

activator of TBK1 and IRF3 (Gordon et al., 2020). Similarly,

SARS-CoV-1 M protein is known to inhibit the TBK1 signaling

complex (Siu et al., 2009), as does MERS-CoV ORF4b (Yang

et al., 2015). Other proteins, including SARS-CoV-1 PLP, N,

ORF3b, and ORF6, block IRF3 phosphorylation and nuclear

translocation (Devaraj et al., 2007; Kopecky-Bromberg et al.,

2007). NF-kB is also inhibited by CoV proteins. These include

SARS-CoV-1 PLP (Frieman et al., 2009) and MERS-CoV

ORF4b and ORF5 (Canton et al., 2018; Menachery et al.,

2017). Finally, SARS-CoV-1 NSP1 (Huang et al., 2011a; Kamitani

et al., 2009) and MERS-CoV NSP1 (Lokugamage et al., 2015)

initiate general inhibition of host transcription and translation,

thus limiting antiviral defenses nonspecifically.

To prevent signaling downstream of IFN release, CoV proteins

inhibit several steps of the signal transduction pathway that

bridge the receptor subunits (IFNAR1 and IFNAR2) to the STAT

ll

Immunity 52, June 16, 2020 911

Review



proteins that activate transcription. For SARS-CoV-1, these

mechanisms include IFNAR1 degradation by ORF3a (Minakshi

et al., 2009), decreased STAT1 phosphorylation by NSP1 (Wa-

thelet et al., 2007), and antagonism of STAT1 nuclear transloca-

tion by ORF6 (Frieman et al., 2007; Kopecky-Bromberg et al.,

2007). However, SARS-CoV-2 ORF6 shares only 69% sequence

homology with SARS-CoV-1, suggesting this function may not

be conserved. In support of this notion, SARS-CoV-2 infection

fails to limit STAT1 phosphorylation, unlike in SARS-CoV-1 infec-

tion (Lokugamage et al., 2020).

Imbalance between Antiviral and Proinflammatory

Responses

Taken together, the multiplicity of strategies developed by path-

ogenic CoVs to escape immune sensing, particularly the IFN-I

pathway, suggests a critical role played by the dysregulation of

IFN-I response in COVID-19 pathogenicity. Concordantly, ani-

mal models of SARS-CoV-1 and MERS-CoV infection indicate

that failure to elicit an early IFN-I response correlates with the

severity of disease (Channappanavar et al., 2016). Perhaps

more importantly, these models demonstrate that timing is key,

as IFN is protective early in disease but later becomes pathologic

(Channappanavar et al., 2016, 2019). Perhaps interferon-

induced upregulation of ACE2 in airway epithelia may contribute

to this effect (Ziegler et al., 2020). Furthermore, while pathogenic

CoVs block IFN signaling, they may actively promote other in-

flammatory pathways contributing to pathology. For instance,

SARS-CoV-1 ORF3a, ORF8b, and E proteins enhance inflamma-

some activation (Chen et al., 2019; Nieto-Torres et al., 2015; Shi

et al., 2019; Siu et al., 2019), leading to secretion of IL-1b and IL-

18, which are likely to contribute to pathological inflammation.

Similarly, SARS-CoV-2 NSP9 and NSP10 might induce IL-6

and IL-8 production, potentially by inhibition of NKRF, an endog-

enous NF-kB repressor (Li et al., 2020a). Collectively, these

proinflammatory processes likely contribute to the ‘‘cytokine

storm’’ observed in COVID-19 patients and substantiate a role

for targeted immunosuppressive treatment regimens. Moving

forward, a clear understanding of the delicate balance between

antiviral and inflammatory innate immune programs will be

essential to developing effective biomarkers and therapeutics

for COVID-19.

Myeloid Cells
Mucosal immune responses to infectious agents are orches-

trated and regulated by myeloid cells with specialized functions,

which include conventional dendritic cells (cDCs), monocyte-

derived DCs (moDCs), plasmacytoid DCs (pDCs), and macro-

phages (Guilliams et al., 2013). A growing body of evidence

points to dysregulated myeloid responses that potentially drive

the COVID-19 hallmark syndromes, such as acute respiratory

distress syndrome (ARDS), cytokine release syndrome (CRS)

and lymphopenia (Mehta et al., 2020).

Myeloid Characterization in COVID-19

Flow cytometric analyses of peripheral blood mononuclear cells

(PBMCs) from symptomatic COVID-19 patients have shown a

significant influx of granulocyte-macrophage colony-stimulating

factor (GM-CSF)-producing, activated CD4+ T cells and

CD14+HLA-DRlo inflammatory monocytes (IMs) (Giamarellos-

Bourboulis et al., 2020; Zhang et al., 2020c; Zhou et al.,

2020b). This matches single-cell transcriptomic (scRNA-seq)

data demonstrating CD14+IL-1b+ monocytic expansion (Guo

et al., 2020; Wen et al., 2020), interferon-mitogen-activated pro-

tein kinase (MAPK)-driven adaptive immune responses (Huang

et al., 2020c), and IL-1b-associated inflammasome signatures

(Ong et al., 2020) in peripheral blood of COVID-19 patients,

although systemic levels of IL-1b detected are conspicuously

low (Del Valle et al., 2020). Importantly, these immune signatures

track with progression of clinical disease. scRNA-seq studies

performed on pulmonary tissues of patients with severe

COVID-19 disease have revealed an expansion of IMs and

Ficolin-1+monocyte-derivedmacrophages at the expense of tis-

sue-resident reparative alveolar macrophages (AMs) (Liao et al.,

2020). The aforementioned study also observed signatures of

IFN signaling and monocyte recruitment that likely contribute

to the rapid decline in alveolar patency and promote ARDS.

Although most of the clinical focus has been on pulmonary dam-

age and mononuclear phagocyte (MNP) dysfunction therein, it is

increasingly clear that COVID-19 likely presents systemic chal-

lenges in other organ sites, such as the ileum and kidneys. Un-

derstanding the role of non-pulmonary myeloid cells in tissue-

specific pathology associated with COVID-19 will be important.

Prior Knowledge from SARS-CoV-1, MERS-CoV, and

Murine Coronaviruses

While data on COVID-19 patients continues to rapidly emerge,

studies of myeloid cell dysfunction in SARS-CoV-1 and MERS-

CoV can provide an important roadmap to understanding

COVID-19 pathogenesis (Figure 2). SARS-CoV-1 infection in

mouse models results in an aberrant AM phenotype that limits

DC trafficking and T cell activation (Zhao et al., 2009). Addition-

ally, YM1+ FIZZ1+ alternative macrophages can increase airway

hypersensitivity, thus exacerbating SARS-associated fibrosis

(Page et al., 2012). Further, as described above, murine SARS-

CoV-1 studies have demonstrated that delayed IFN-I signaling

and inflammatory monocytes-macrophages promote lung cyto-

kine and chemokine levels, vascular leakage, and impaired anti-

gen-specific T cell responses, culminating in lethal disease

(Channappanavar et al., 2016). The role played by prominent

IFN-producing pDCs in SARS-CoV-2 control or pathogenesis

warrants investigation, as they have been shown to be critical

in murine CoV (MHV) control (Cervantes-Barragan et al., 2007).

Longitudinal studies in SARS-CoV-2 models are awaited, but

initial phenotypic studies in humanized hACE2 mice have shown

the characteristic alveolar interstitial pneumonia, with infiltration

of lymphocytes and monocytes and accumulation of macro-

phages in the alveolar lumen (Bao et al., 2020a), which recapitu-

lates patient findings (Xu et al., 2020c). Lastly, non-human pri-

mate (NHP) studies and patient data on SARS-CoV-1 have

also shown that virus spike-specific immunoglobulin G (IgG) re-

sponses can exacerbate acute lung injury due to repolarization

of alveolar macrophages into proinflammatory phenotypes and

enhanced recruitment of inflammatory monocyte via CCL2 and

IL-8 (Clay et al., 2012; Liu et al., 2019). However, the extent to

which the antibody response contributes to disease pathophys-

iology remains to be confirmed.

Myeloid Cells Contribution to Pathogenic Inflammation

The initial mode of viral pathogen-associated signal (PAMP)

recognition by innate cells has a major impact on downstream

myeloid signaling and cytokine secretion (de Marcken et al.,

2019). While macrophages are somewhat susceptible to
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MERS-CoV and SARS-CoV-1 infection (Perlman and Dandekar,

2005; Zhou et al., 2014), data do not suggest that they are in-

fected by SARS-CoV-2, although one study reported ACE2

and SARS-CoV-2 nucleocapsid protein is expressed in lymph

nodes and spleen-associated CD169+ macrophages of

COVID-19 patients producing IL-6 (Chen et al., 2020h). Signifi-

cantly elevated systemic levels of proinflammatory cytokine IL-

6 have been reported in several COVID-19 patient cohorts and

shown to correlate with disease severity (Mehta et al., 2020).

Increased IL-6 can also be associated with higher levels of IL-

2, IL-7, IFN-ɣ, and GM-CSF, as seen in secondary hemophago-

cytic lymphohistiocytosis. In response to viral infections, MNPs

drive IL and IFN-I and IFN-III production resulting in inflamma-

some activation, induction of pathogenic Th1 and Th17 cell re-

sponses, recruitment of effector immune cells, and CRS pathol-

ogy (Prokunina-Olsson et al., 2020; Tanaka et al., 2016).

Independently, in vitro studies have demonstrated SARS-CoV-

1 infection can induce intracellular stress pathways, resulting in

NLRP3-dependent inflammasome activation and macrophage

pyroptosis (Chen et al., 2019; Shi et al., 2019). Functional studies

are required to implicate thesemyeloid inflammasome pathways

in COVID-19 lung pathology and to assess other immunogenic

pathways such as RIPK1/3-dependent necroptosis (Nailwal

and Chan, 2019). In conclusion, the strength and duration of

myeloid ISG)signaling potentially dictate COVID-19 disease

severity, but rigorous studies are warranted to confirm this.

Lastly, more work is needed to ascertain the mechanistic role

played by lung-resident and recruited granulocytes in SARS-

CoV-2 control and pathogenesis (Camp and Jonsson, 2017;

Flores-Torres et al., 2019). In contrast to their early protective

role, neutrophil NETosis and macrophage crosstalk can drive

later-stage inflammatory cascades (Barnes et al., 2020), under-

scoring the overall pathogenic nature of damage-sensing host

responses (Figure 2).

Collectively, the current knowledge of CoVs and SARS-CoV-2

infection, in particular, points to an inadvertent collusion

involving myeloid cells in COVID-19 pathogenesis, despite their

critical role in early sensing and antiviral responses.

Innate Lymphoid Cells
Innate lymphoid cells (ILCs) are innate immune effector cells that

lack the expression of rearranged antigen receptors (T cell re-

ceptor [TCR], B cell receptor [BCR]). The ILC family is divided

into two main groups: the cytotoxic natural killer (NK) cells and

the non-cytotoxic helper ILCs, which include ILC1, ILC2, and

ILC3 (Vivier et al., 2018). Conventional NK cells include

CD56brightCD16� NK cells and CD56dimCD16+ cells, which are

specialized in cytokine production or cytotoxicity, respectively.

NK Cells Are Decreased in the Peripheral Blood of

COVID-19 patients

Multiple studies have reported reduced numbers of NK cells in

the peripheral blood of COVID-19 patients, which is associated

with severity of the disease (Song et al., 2020; Wang et al.,

2020f; Yu et al., 2020; Zheng et al., 2020b). A recent scRNA-

seq analysis revealed a transcriptomic signature for NK cells

that was equally represented in lungs from patients and healthy

donors (Liao et al., 2020). The majority of lung NK cells are non-

resident (Gasteiger et al., 2015; Marquardt et al., 2017), and

CXCR3 has been shown tomediate NK cell infiltration upon influ-

enza infection (Carlin et al., 2018). In vitro, CXCR3 ligands

(CXCL9-11) are increased in SARS-CoV-2-infected human lung

tissue (Chu et al., 2020), and CXCR3-ligand-producing mono-

cytes are expanded in the lungs of COVID-19 patients (Liao

et al., 2020). This suggests that the CXCR3 pathway might facil-

itate NK cell recruitment from the peripheral blood to the lungs in

COVID-19 patients (Figure 2).

NK Cell Activation Pathways in Antiviral Immunity

NK cells express inhibitory and activating receptors that regulate

their cytotoxicity. They are therefore able to induce the lysis of vi-

rus-infected cells that upregulate virus-derived proteins, as well

as stress-inducible ligands, which are then recognized by NK-

cell-activating receptors, such as NKp46 (Cerwenka and Lanier,

Figure 2. SARS-CoV-2 Infection Results in
Myeloid Cell Activation and Changes NK
Cell Function
Based on data from preliminary COVID-19 studies
and earlier studies in related coronaviruses.
IL-6, IL-1b, and IFN-I/III from infected pulmonary
epithelia can induce inflammatory programs in
resident (alternate) macrophages while recruiting
inflammatory monocytes, as well as granulocytes
and lymphocytes from circulation. Sustained IL-6
and TNF-ɑ by incoming monocytes can drive
several hyperinflammation cascades. Inflamma-
tory monocyte-derived macrophages can amplify
dysfunctional responses in various ways (listed in
top-left corner). The systemic CRS- and sHLH-like
inflammatory response can induce neutrophilic
NETosis and microthrombosis, aggravating
COVID-19 severity. Other myeloid cells, such as
pDCs, are purported to have an IFN-dependent
role in viral control. Monocyte-derived CXCL9/10/
11 might recruit NK cells from blood. Preliminary
data suggest that the antiviral function of these NK
cells might be regulated through crosstalk with
SARS-infected cells and inflammatory monocytes.

Dashed lines indicate pathways to be confirmed. Arg1, arginase 1; iNOS, inducible-nitric oxide synthase; Inflamm., inflammatory; Mono., monocytes; Macs,
macrophages; Eosino, eosinophils; Neutro, neutrophils; NETosis, neutrophil extracellular trap cell death; SHLH, secondary hemophagocytic lymphohistio-
cytosis.
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2001; Draghi et al., 2007; Duev-Cohen et al., 2016; Glasner et al.,

2012). Future studies should investigate the expression of NK re-

ceptor ligands on SARS-CoV-2-infected cells in order to better

understand the mechanisms underlying NK cell activation in

COVID-19 disease. Further, secretion of IgG1 and IgG3 anti-

bodies during SARS-CoV-2 infection (Amanat et al., 2020) may

induce CD56dim CD16+ NK cell activation through Fc receptor

recognition of antibodies either bound to surface antigens ex-

pressed on infected cells or to extracellular virions as immune

complexes (Figure 2). This interactionmight trigger both cytokine

production by NK cells and lysis of infected cells through anti-

body-mediated cellular cytotoxicity (ADCC), as shown in influ-

enza infection (Von Holle andMoody, 2019). Emerging data high-

light the capacity for NK-mediated ADCC in response to naturally

isolated SARS-CoV-1 anti-S IgG that crossreacts with SARS-

CoV-2 S glycoprotein when transfected into Chinese hamster

ovary (CHO) cells (Pinto et al., 2020). These findings suggest

that triggering NK cell activation may not only contribute to the

resolution of infection, but also contribute to the cytokine storm

in ARDS.

Impairment of NKCell Function in SARS-CoV-2 Infection

Ex vivo NK cells from peripheral blood of COVID-19 patients

have reduced intracellular expression of CD107a, Ksp37, gran-

zyme B, and granulysin, suggesting an impaired cytotoxicity,

as well as an impaired production of chemokines, IFN-ɣ, and
TNF-a (Wilk et al., 2020; Zheng et al., 2020b). Several pathways

may contribute to the dysregulation of NK cells. While influenza

virus infects NK cells and induces apoptosis (Mao et al., 2009),

lung NK cells do not express the entry receptor for SARS-CoV-

2, ACE2, and are therefore unlikely to be directly infected by

SARS-CoV-2 (Travaglini et al., 2020). The majority of NK cells

found in human lung display a mature CD16+KIR+CD56dim

phenotype and are able to induce cell cytotoxicity in response

to loss of human leukocyte antigen (HLA) class I or through Fc re-

ceptor signaling, although to a lower extent than their peripheral

blood counterpart (Marquardt et al., 2017). Killer-immunoglob-

ulin receptors (KIRs) are acquired during NK cell development

alongside CD16 (FcRgIIIA) and are essential for NK cell licensing

and subsequent capacity for cytolytic function (Sivori et al.,

2019). Frequencies of NK cells expressing CD16 and/or KIRs

are decreased in the blood following SARS-CoV-2 and SARS-

CoV-1 infection, respectively (Xia et al., 2004; Wang et al.,

2020d). Collectively, the data suggest either an impairedmatura-

tion of the NK compartment or migration of the mature, circu-

lating NK cells into the lungs or other peripheral tissues of

SARS-CoV-2-infected patients.

The immune checkpoint NKG2A is increased on NK cells and

CD8 T cells from COVID-19 patients (Zheng et al., 2020b).

NKG2A inhibits cell cytotoxicity by binding the non-classical

HLA-E molecule (Braud et al., 1998; Brooks et al., 1997), and

this interaction is strongly correlated with poor control of HIV-1

infection (Ramsuran et al., 2018). Genes encoding the inhibitory

receptors LAG3 and TIM3 are also upregulated in NK cells from

COVID-19 patients (Wilk et al., 2020; Hadjadj et al., 2020). Thus,

increased immune checkpoints on NK cells might contribute to

viral escape. Additionally, COVID-19 patients have higher

plasma concentrations of IL-6 (Huang et al., 2020b), which signif-

icantly correlate with lower NK cell numbers (Wang et al., 2020d,

2020f). In vitro stimulation by IL-6 and soluble IL-6 receptor has

previously revealed impaired cytolytic functions (perforin and

granzyme B production) by healthy donor NK cells, which can

be restored following addition of tocilizumab (IL-6R blockade)

(Cifaldi et al., 2015). TNF-a is also upregulated in the plasma of

COVID-19 patients (Huang et al., 2020b), and ligand-receptor

interaction analysis of peripheral blood scRNA-seq data sug-

gests that monocyte-secreted TNF-amight bind to its receptors

on NK cells (Guo et al., 2020). TNF-a is known to contribute to NK

cell differentiation (Lee et al., 2009), which includes downregula-

tion of NKp46 (Ivagnès et al., 2017), though no effect of TNF-a or

IL-6 on NK cell-mediated ADCC has been reported so far.

Collectively, these data suggest that crosstalk with monocytes

might impair NK cell recognition and killing of SARS-CoV-2-in-

fected cells, and antibodies targeting IL-6 and TNF-signaling

may benefit enhanced NK cell functions in COVID-19 patients

(Figure 2).

Relevance for Helper ILCs in SARS-CoV-2 Infection

No studies, to date, have reported ILC1, ILC2, or ILC3 functions

in SARS-CoV-2 infection. All three subsets are present in healthy

lung (De Grove et al., 2016; Yudanin et al., 2019). ILC2s are

essential for the improvement of lung function following influenza

infection in mice through amphiregulin-mediated restoration of

the airway epithelium and oxygen saturation (Monticelli et al.,

2011). However, ILC2s also produce IL-13, contributing to the

recruitment of macrophages to the lung and influenza-induced

airway hyperreactivity (Chang et al., 2011). Indeed, ILCs are

involved in the polarization of alveolar macrophages, either to-

ward a M1-like phenotype (ILC1 and ILC3) or a M2-like pheno-

type (ILC2) (Kim et al., 2019). Given the increased IL-13 concen-

trations (Huang et al., 2020b) and the dysregulation of the

macrophage compartment observed in COVID-19 patients, the

role played by ILCs in SARS-CoV-2 infection warrants further

investigation.

T Cell Responses
T cells play a fundamental role in viral infections: CD4 T cells pro-

vide B cell help for antibody production and orchestrate the

response of other immune cells, whereas CD8 T cells kill infected

cells to reduce the viral burden. However, dysregulated T cell re-

sponses can result in immunopathology. To better understand

the role of T cell responses in SARS-CoV-2 infection, the pursuit

of two major questions is imperative: (1) what is the contribution

of T cells to initial virus control and tissue damage in the context

of COVID-19, and (2) how do memory T cells established there-

after contribute to protective immunity upon reinfection? Some

tentative answers are beginning to emerge.

Overall Reduction of CD4 and CD8 T Cell Counts in

Peripheral Blood

Similar to earlier observations about SARS-CoV-1 infection (He

et al., 2005), several current reports emphasize the occurrence

of lymphopenia with drastically reduced numbers of both CD4

and CD8 T cells in moderate and severe COVID-19 cases

(Figure 3) (Chen et al., 2020c; Nie et al., 2020b; Wang et al.,

2020d; Zeng et al., 2020; Zheng et al., 2020b). The extent of lym-

phopenia—most striking for CD8 T cells in patients admitted to

the intensive care unit (ICU)—seemingly correlates with

COVID-19-associated disease severity and mortality (Chen

et al., 2020c; Diao et al., 2020; Liu et al., 2020b, 2020c; Tan

et al., 2020a; Wang et al., 2020d, 2020f; Zeng et al., 2020;
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Zhou et al., 2020c). Patients with mild symptoms, however, typi-

cally present with normal or slightly higher T cell counts (Liu et al.,

2020a; Thevarajan et al., 2020). The cause of peripheral T cell

loss in moderate to severe COVID-19, though a phenomenon

also observed in other viral infections, remains elusive, and

direct viral infection of T cells, in contrast to MERS-CoV (Chu

et al., 2016), has not been reported.

Several mechanisms likely contribute to the reduced number

of T cells in the blood, including effects from the inflammatory

cytokine milieu. Indeed, lymphopenia seems to correlate with

serum IL-6, IL-10, and TNF-a (Diao et al., 2020; Wan et al.,

2020a), while convalescent patients were found to have restored

bulk T cell frequencies paired with overall lower proinflammatory

cytokine levels (Chen et al., 2020f; Diao et al., 2020; Liu et al.,

2020a, 2020b; Zheng et al., 2020b). Cytokines such as IFN-I

and TNF-a may inhibit T cell recirculation in blood by promoting

retention in lymphoid organs and attachment to endothelium

(Kamphuis et al., 2006; Shiow et al., 2006). However, in an au-

topsy study examining the spleens and hilar lymph nodes of

six patients who succumbed to COVID-19, Chen et al. observed

extensive cell death of lymphocytes and suggested potential

roles for IL-6 as well as Fas-FasL interactions (Chen et al.,

2020h). In support of this hypothesis, the IL-6 receptor antago-

nist tocilizumab was found to increase the number of circulating

lymphocytes (Giamarellos-Bourboulis et al., 2020). T cell recruit-

ment to sites of infection may also reduce their presence in

the peripheral blood compartment. scRNA-seq analysis of

bronchoalveolar lavage (BAL) fluid of COVID-19 patients

Figure 3. Working Model for T Cell
Responses to SARS-CoV-2: Changes in
Peripheral Blood T Cell Frequencies and
Phenotype
A decrease in peripheral blood T cells associated
with disease severity and inflammation is now well
documented in COVID-19. Several studies report
increased numbers of activated CD4 and CD8
T cells, which display a trend toward an exhausted
phenotype in persistent COVID-19, based on
continuous and upregulated expression of inhibi-
tory markers as well as potential reduced poly-
functionality and cytotoxicity. In severe disease,
production of specific inflammatory cytokines by
CD4 T cells has also been reported. This working
model needs to be confirmed and expanded on in
future studies to assess virus-specific T cell re-
sponses both in peripheral blood and in tissues. In
addition, larger and more defined patient cohorts
with longitudinal data are required to define the
relationship between disease severity and T cell
phenotype.
IL, interleukin; IFN, interferon; TNF, tumor necrosis
factor; GM-CSF, granulocyte-macrophage col-
ony-stimulating factor; GzmA/B, granzyme A/
granzyme B; Prf1, perforin.

revealed an increase in CD8 T cell infil-

trate with clonal expansion (Liao et al.,

2020). Likewise, post-mortem examina-

tion of a patient who succumbed to

ARDS following SARS-CoV-2 infection

showed extensive lymphocyte infiltration

in the lungs (Xu et al., 2020c). However,

another study that examined post-mor-

tem biopsies from four COVID-19 patients only found neutro-

philic infiltration (Tian et al., 2020a). Further studies are therefore

needed to better determine the cause and impact of the

commonly observed lymphopenia in COVID-19 patients.

Induction of Antiviral T Cell Responses

Available information about SARS-CoV-1-specific T cell immu-

nity may serve as an orientation for further understanding of

SARS-CoV-2 infection. Immunogenic T cell epitopes are distrib-

uted across several SARS-CoV-1 proteins (S, N, and M, as well

as ORF3), although CD4 T cell responses weremore restricted to

the S protein (Li et al., 2008). In SARS-CoV-1 survivors, the

magnitude and frequency of specific CD8 memory T cells ex-

ceeded that of CD4 memory T cells, and virus-specific T cells

persisted for at least 6–11 years, suggesting that T cells may

confer long-term immunity (Ng et al., 2016; Tang et al., 2011).

Limited data from viremic SARSpatients further indicated that vi-

rus-specific CD4 T cell populations might be associated with a

more severe disease course, since lethal outcomes correlated

with elevated Th2 cell (IL-4, IL-5, IL-10) serum cytokines (Li

et al., 2008). However, the quality of CD4 T cell responses needs

to be further characterized to understand associations with dis-

ease severity. Few studies have thus far characterized specific

T cell immunity in SARS-CoV-2 infection. In 12 patients recov-

ering from mild COVID-19, robust T cell responses specific for

viral N, M, and S proteins were detected by IFN-g ELISPOT,

weakly correlated with neutralizing antibody concentrations

(similar to convalescent SARS-CoV-1 patients; Li et al., 2008),

and subsequently contracted with only N-specific T cells
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detectable in about one-third of the cases post recovery (Ni

et al., 2020). In a second study, PBMCs from COVID-19 patients

with moderate to severe ARDS were analyzed by flow cytome-

try approximately 2 weeks after ICU admission (Weiskopf et al.,

2020). Both virus-specific CD4 and CD8 T cells were detected

in all patients at average frequencies of 1.4% and 1.3%,

respectively, and very limited phenotyping according to

CD45RA and CCR7 expression status characterized these cells

predominantly as either CD4 Tcm (central memory) or CD8 Tem

(effector memory) and Temra (effector memory RA) cells. This

study is notable for the use of large complementary peptide

pools comprising 1,095 SARS-Cov-2 epitopes (overlapping

15-mers for S protein as well as computationally predicted

HLA-I- and -II-restricted epitopes for all other viral proteins)

as antigen-specific stimuli that revealed a preferential speci-

ficity of both CD4 and CD8 T cells for S protein epitopes,

with the former population modestly increasing over �10–

30 days after initial onset of symptoms. A caveat, however, per-

tains to the identification of specific T cells by induced CD69

and CD137 co-expression, since upregulation of CD137 by

CD4 T cells, in contrast to CD154, may preferentially capture

regulatory T cells (Treg) (Bacher et al., 2016). Further analyses

of S protein-specific T cells by ELISA demonstrated robust in-

duction of IFN-g, TNF-a, and IL-2 concomitant with lower levels

of IL-5, IL-13, IL-9, IL-10, and IL-22. A third report focused on

S-specific CD4 T cell responses in 18 patients with mild, se-

vere, or critical COVID-19 using overlapping peptide pools

and induced CD154 and CD137 co-expression as a readout

for antiviral CD4 T cells. Such cells were present in 83% of

cases and presented with enhanced CD38, HLA-DR, and Ki-

67 expression indicative of recent in vivo activation (Braun

et al., 2020). Of note, the authors also detected low frequencies

of S-reactive CD4 T cells in 34% of SARS-CoV-2 seronegative

healthy control donors. However, these CD4 T cells lacked

phenotypic markers of activation and were specific for C-termi-

nal S protein epitopes that are highly similar to endemic human

CoVs, suggesting that crossreactive CD4 memory T cells in

some populations (e.g., children and younger patients that

experience a higher incidence of hCoV infections) may be re-

cruited into an amplified primary SARS-CoV-2-specific

response (Braun et al., 2020). Similarly, endemic CoV-specific

CD4 T cells were previously shown to recognize SARS-CoV1

determinants (Gioia et al., 2005). How previous infections with

endemic CoV may affect immune responses to SARS-CoV-2

will need to be further investigated.

Finally, in general accordance with the above findings on the

induction of SARS-CoV-2-specific T cells, using TCR

sequencing (TCR-seq), Huang et al. and Liao et al. reported

greater TCR clonality of peripheral blood (Huang et al., 2020c)

as well as BAL T cells (Liao et al., 2020) in patients with mild

versus severe COVID-19. Moving forward, a comprehensive

identification of immunogenic SARS-CoV-2 epitopes recognized

by T cells (Campbell et al., 2020), as well as further studies on

convalescent patients who recovered from mild and severe dis-

ease, will be particularly important.

T Cell Contribution to COVID-19 Hyperinflammation

While the induction of robust T cell immunity is likely essential for

efficient virus control, dysregulated T cell responses may cause

immunopathology and contribute to disease severity in COVID-

19 patients (Figure 3). This is suggested in a study by Zhou

et al., which reported a significantly increased PBMC frequency

of polyclonal GM-CSF+ CD4 T cells capable of prodigious ex vivo

IL-6 and IFN-g production only in critically ill COVID-19 patients

(Zhou et al., 2020c). Of note, GM-CSF+ CD4 T cells have been

previously implicated in inflammatory autoimmune diseases,

such as multiple sclerosis or juvenile rheumatoid arthritis, and

high levels of circulating GM-CSF+ CD4 T cells were found to

be associated with poor outcomes in sepsis (Huang et al.,

2019). Additionally, two studies observed reduced frequencies

of Treg cells in severe COVID-19 cases (Chen et al., 2020c;

Qin et al., 2020). Since Treg cells have been shown to help

resolve ARDS inflammation in mouse models (Walter et al.,

2018), a loss of Tregs might facilitate the development of

COVID-19 lung immunopathology. Similarly, a reduction of gd-

T cells, a subset of T cells with apparent protective antiviral func-

tion in influenza pneumonia (Dong et al., 2018; Zheng et al.,

2013), has been reported in severely sick COVID-19 patients

(Guo et al., 2020; Lei et al., 2020b).

Phenotype and Function of T Cell Subsets in COVID-19

Currently, little is known about specific phenotypical and/or

functional T cell changes associated with COVID-19. In the ma-

jority of preprints and peer-reviewed studies, there are reports

of increased presence of activated T cells (Figure 3) character-

ized by expression of HLA-DR, CD38, CD69, CD25, CD44, and

Ki-67 (Braun et al., 2020; Ni et al., 2020; Guo et al., 2020; Liao

et al., 2020; Thevarajan et al., 2020; Yang et al., 2020a; Zheng

et al., 2020a). Generally, independent of COVID-19 disease

severity, CD8 T cells seem to be more activated than CD4

T cells (Qin et al., 2020; Thevarajan et al., 2020; Yang et al.,

2020a), a finding that echoes stronger CD8 than CD4 T cell re-

sponses during SARS-CoV-1 (Li et al., 2008). Furthermore, in a

case study of 10 COVID-19 patients, Diao et al. showed that

levels of PD-1 increased from prodromal to symptomatic

stages of the disease (Diao et al., 2020). PD-1 expression is

commonly associated with T cell exhaustion, but it is important

to emphasize that PD-1 is primarily induced by TCR signaling; it

is thus also expressed by activated effector T cells (Ahn

et al., 2018).

In addition, several studies reported higher expression of

various co-stimulatory and inhibitory molecules such as OX-

40 and CD137 (Zhou et al., 2020c), CTLA-4 and TIGIT (Zheng

et al., 2020a), and NKG2a (Zheng et al., 2020b). Reduced

numbers of CD28+ CD8 T cells (Qin et al., 2020) as well as

larger frequencies of PD-1+ TIM3+ CD8 T cells in ICU patients

were also reported (Zhou et al., 2020c). Expression of most of

these markers was found to be higher in CD8 than in CD4

T cells, and levels tended to increase in severe versus non-se-

vere cases, which may be due to differences in viral load.

Cellular functionality was shown to be impaired in CD4 and

CD8 T cells of critically ill patients, with reduced frequencies

of polyfunctional T cells (producing more than one cytokine)

as well as generally lower IFN-g and TNF-a production

following restimulation with phorbol myristate acetate (PMA)

and ionomycin (Chen et al., 2020c; Zheng et al., 2020a,

2020b). Similarly, Zheng et al. reported that CD8 T cells in se-

vere COVID-19 appear less cytotoxic and effector-like with

reduced CD107a degranulation and granzyme B (GzmB) pro-

duction (Zheng et al., 2020b). In contrast, a different study
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found that both GzmB and perforin were increased in CD8

T cells of severely sick patients (Zheng et al., 2020a). In

accordance with the latter observation, when compared to a

moderate disease group, convalescent patients with resolved

severe SARS-CoV-1 infection had significantly higher fre-

quencies of polyfunctional T cells, with CD4 T cells producing

more IFN-g, TNF-a, and IL-2 and CD8 T cells producing more

IFN-g, TNF-a, and CD107a, respectively (Li et al., 2008). How-

ever, given the vigorous dynamics of acute T cell responses

and potential differences in sample timing throughout disease

course, these observations are not necessarily mutually exclu-

sive. Accordingly, RNA sequencing (RNA-seq) data by Liao

et al. showed that CD8 T cells in the BAL fluid of severe

COVID-19 patients express cytotoxic genes such as GZMA,

GZMB, and GZMK at higher levels, while KLRC1 and XCL1

are enriched in mild cases (Liao et al., 2020).

In summary, T cells in severe COVID-19 seem to be more

activated and may exhibit a trend toward exhaustion based

on continuous expression of inhibitory markers such as PD-

1 and TIM-3 as well as overall reduced polyfunctionality and

cytotoxicity. Conversely, recovering patients were shown to

have an increase in follicular helper CD4 T cells (TFH) as well

as decreasing levels of inhibitory markers along with

enhanced levels of effector molecules such as Gzm A,

GzmB, and perforin (Thevarajan et al., 2020; Yang et al.,

2020a; Zheng et al., 2020b). Collectively, these studies pro-

vide a first glimpse into T cell dynamics in acute SARS-CoV-

2 infection, but any conclusions have to be tempered at this

stage on account of significant limitations in many of the cur-

rent investigations.

B Cell Responses
Acute B Cell and Antibody Responses

The humoral immune response is critical for the clearance of

cytopathic viruses and is a major part of the memory response

that prevents reinfection. SARS-CoV-2 elicits a robust B cell

response, as evidenced by the rapid and near-universal detec-

tion of virus-specific IgM, IgG and IgA, and neutralizing IgG anti-

bodies (nAbs) in the days following infection. The kinetics of the

antibody response to SARS-CoV-2 are now reasonably well

described (Huang et al., 2020a).

Figure 4. Antibody-Mediated Immunity in
SARS-CoV-2
Virus-specific IgM and IgG are detectable in serum
between 7 and 14 days after the onset of symp-
toms. Viral RNA is inversely correlated with
neutralizing antibody titers. Higher titers have been
observed in critically ill patients, but it is unknown
whether antibody responses somehow contribute
to pulmonary pathology. The SARS-CoV-1 hu-
moral response is relatively short lived, and
memory B cells may disappear altogether, sug-
gesting that immunity with SARS-CoV-2maywane
1–2 years after primary infection.

Similar to SARS-CoV-1 infection

(Hsueh et al., 2004), seroconversion oc-

curs in most COVID-19 patients between

7 and 14 days after the onset of symp-

toms, and antibody titers persist in the

weeks following virus clearance (Figure 4) (Haveri et al., 2020;

Lou et al., 2020; Okba et al., 2020; Tan et al., 2020b; Wölfel

et al., 2020; Wu et al., 2020b; Zhao et al., 2020a). Antibodies

binding the SARS-CoV-2 internal N protein and the external S

glycoprotein are commonly detected (Amanat et al., 2020; Ju

et al., 2020; To et al., 2020). The receptor binding domain

(RBD) of the S protein is highly immunogenic, and antibodies

binding this domain can be potently neutralizing, blocking virus

interactions with the host entry receptor, ACE2 (Ju et al., 2020;

Wu et al., 2020b). Anti-RBD nAbs are detected inmost tested pa-

tients (Ju et al., 2020; To et al., 2020; Wu et al., 2020b). Although

crossreactivity to SARS-CoV-1 S and N proteins and to MERS-

CoV S protein was detected in plasma from COVID-19 patients,

no crossreactivity was found to the RBD from SARS-CoV-1 or

MERS-CoV. In addition, plasma from COVID-19 patients did

not neutralize SARS-CoV-1 or MERS-CoV (Ju et al., 2020).

RBD-specific CD19+IgG+ memory B cells were single-cell

sorted from a cohort of eight COVID-19 donors between days

9 and 28 after the onset of symptoms (Ju et al., 2020). From their

antibody gene sequences, 209 SARS-CoV-2-specific mono-

clonal antibodies were produced. The monoclonal antibodies

had a diverse repertoire, relatively low or no somatic mutations,

and variable binding reactivity, with dissociation constants

reaching 10�8 to 10�9, similar to antibodies isolated during acute

infections. Two potent neutralizing SARS-CoV-2 RBD-specific

monoclonal antibodies were characterized that did not cross-

react with the RBD of SARS-CoV-1 or MERS-CoV (Ju et al.,

2020). Together, these results demonstrate that antibody medi-

ated neutralization is virus specific and likely driven by binding of

epitopes within the RBD.

B Cell Memory: Development and Lifespan

The B cell response to a virus serves not only to protect from the

initial challenge, but also to offer extended immunity against rein-

fection. Following resolution of an infection, plasma cells formed

during the acute and convalescent phases continue to secrete

antibodies, giving rise to serological memory. Memory B cells

that are also formed during the primary infection constitute the

second arm of B cell memory. Memory B cells can quickly

respond to a reinfection by generating new high-affinity plasma

cells. Long-term protection is achieved through the induction

of long-lived plasma cells and memory B cells.
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There is great interest in understanding the lifespan of B cell

memory responses to SARS-CoV-2. Protection from reinfection

has direct medical and social consequences as the world works

to develop vaccination strategies and resume normal activities.

In COVID-19 patients, evidence of near-universal seroconver-

sion and the lack of substantial descriptions of reinfection point

to a robust antibody response, which, along with the T cell mem-

ory response, would offer protection to reinfection. Indeed, a

case study of a single patient described induction of

CD38HiCD27Hi antibody-secreting cells (ASCs), concomitant

with an increase in circulating follicular T helper cells (Tfh) cells

(Thevarajan et al., 2020), and a scRNA-seq study of PBMCs

from critically ill and recently recovered individuals revealed a

plasma cell population (Guo et al., 2020). In addition, IgG mem-

ory cells specific to the RBD have been identified in the blood of

COVID-19 patients (Ju et al., 2020). Consistent with the develop-

ment of immunity after COVID-19 infection, a recent study of

SARS-CoV-2 infection in rhesus macaques found that two ma-

caques that had resolved the primary infection were resistant

to reinfection 28 days later (Bao et al., 2020b).

Due to the timing of this outbreak, it is not yet possible to

know the nature and extent of long-term memory responses,

but lessons may again be learned from other human CoVs. In

the case of the human CoV 229E, specific IgG and nAbs are

rapidly induced but wane in some individuals around a year af-

ter infection, with some residual protection to reinfection

(Callow et al., 1990; Reed, 1984). The lifespan of the humoral

response following SARS-CoV-1 infection is also relatively

short, with the initial specific IgG and nAb response to SARS-

CoV-1 diminishing 2–3 years after infection and nearly unde-

tectable in up to 25% of individuals (Cao et al., 2007; Liu

et al., 2006). A long-term study following 34 SARS-CoV-1-in-

fected healthcare workers over a 13-year period also found

that virus-specific IgG declined after several years, but the au-

thors observed detectable virus-specific IgG 12 years after

infection (Guo et al., 2020). In the case of MERS-CoV, anti-

bodies were detected in six of seven volunteers tested 3 years

after infection (Payne et al., 2016).

IgG specific to SARS-CoV-2 trimeric spike protein was detect-

able in serum up to 60 days after symptom onset, but IgG titers

began decreasing by 8 weeks post symptom onset (Adams

et al., 2020). Long-term protection from reinfection may also

be mediated by reactive memory B cells. A study that analyzed

SARS-CoV-1 S protein-specific IgG memory cells at 2, 4, 6,

and 8 months post infection found that S-specific IgG memory

B cells decreased progressively about 90% from 2 to 8 months

after infection (Traggiai et al., 2004). A further retrospective study

of 23 individuals found no evidence of circulating SARS-CoV-1-

specific IgG+ memory B cells 6 years after infection (Tang et al.,

2011). This is in contrast to the memory T cell response, which

was robustly detected based on induced IFN-g production

(Tang et al., 2011).

Studies of common CoVs SARS-CoV-1 and MERS-CoV indi-

cate that virus-specific antibody responses wane over time

and, in the case of commonCoVs, result in only partial protection

from reinfection. These data suggest that immunity to SARS-

CoV-2 may diminish following a primary infection, and further

studies will be required to determine the degree of long-term

protection (Figure 4).

Consequences of the B Cell Response: Protection

versus Enhancement

Several studies have demonstrated that high virus-specific anti-

body titers to SARS-CoV-2 are correlated with greater neutrali-

zation of virus in vitro and are inversely correlated with viral

load in patients (Figure 4) (Okba et al., 2020; Wölfel et al.,

2020; Zhao et al., 2020a). Despite these indications of a success-

ful neutralizing response in the majority of individuals, higher ti-

ters are also associated with more severe clinical cases (Li

et al., 2020b; Okba et al., 2020; Zhao et al., 2020a; Zhou et al.,

2020a), suggesting that a robust antibody response alone is

insufficient to avoid severe disease (Figure 4).

This was also observed in the previous SARS-CoV-1

epidemic, where neutralizing titers were found to be significantly

higher in deceased patients compared to patients who had

recovered (Zhang et al., 2006). This has led to concerns that

antibody responses to these viruses may contribute to pulmo-

nary pathology via antibody-dependent enhancement (ADE)

(Figure 4). This phenomenon is observed when non-neutralizing

virus-specific IgG facilitate entry of virus particles into Fc-recep-

tor (FcR) expressing cells, particularly macrophages and mono-

cytes, leading to inflammatory activation of these cells (Taylor

et al., 2015). A study in SARS-CoV-1-infected rhesus macaques

found that anti-S IgG contributed to severe acute lung injury (ALI)

and massive accumulation of monocytes and macrophages in

the lung (Liu et al., 2019). Furthermore, serum containing anti-S

Ig from SARS-CoV-1 patients enhanced the infection of SARS-

CoV-1 in human monocyte-derived macrophages in vitro (Yip

et al., 2014). ADE was also reported with a monoclonal antibody

isolated from a patient with MERS-CoV (Wan et al., 2020c).

Somewhat reassuringly, there was no evidence of ADEmediated

by sera from rats vaccinated with SARS-CoV-2 RBD in vitro

(Quinlan et al., 2020) nor in macaques immunized with an inacti-

vated SARS-CoV-2 vaccine candidate (Gao et al., 2020c).

As of now, there is no evidence that naturally developed anti-

bodies toward SARS-CoV-2 contribute to the pathological fea-

tures observed in COVID-19. However, this possibility should

be considered when it comes to experimental design and devel-

opment of therapeutic strategies. Importantly, in all of the de-

scriptions of ADE as it relates to CoV, the FcR was necessary

to trigger the antibody-mediated pathology. High-dose intrave-

nous immunoglobulin (IVIg), which may blunt ADE, has been tri-

aled in COVID-19 patients (Cao et al., 2020b; Shao et al., 2020),

but further studies are needed to determine the extent to which

IVIg is safe or beneficial in SARS-CoV-2 infection. Vaccine trials

will need to consider the possibility of antibody-driven pathology

upon antigen rechallenge; strategies using F(ab) fragments or

engineered Fc monoclonal antibodies may prove particularly

beneficial in this setting (Amanat and Krammer, 2020).

Predictors of COVID-19 Disease Risk and Severity
With the rapidly growing number of cases in the first fewmonths,

numerous reports on predictors of COVID-19 severity with small

cohorts were released. These offered clinicians and immunolo-

gists the first understanding of the clinical course and patholog-

ical processes that are associated with the novel SARS-CoV-2

infection. This section highlights key findings from those studies,

with a major focus on the immune factors associated with dis-

ease risk or severity.
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Susceptibility and Risk Biomarkers

There are currently limited known risk factors for susceptibility to

COVID-19, although this has been evaluated in several studies.

Zhao et al. compared the ABOblood group distribution in a cohort

of 2,173 COVID-19 patients to that of healthy controls from the

corresponding regions (Zhao et al., 2020b). They found blood

group A to be associated with a higher risk for acquiring COVID-

19 when compared to non-A blood groups; blood group O had

the lowest risk for the infection. Another study demonstrated an

identical association (Zietz and Tatonetti, 2020), and similar results

have been previously described for other viruses (Lindesmith

et al., 2003), including SARS-CoV-1 (Cheng et al., 2005a).

Several large collaborative efforts are currently underway to

generate, share, and analyze genetic data to understand the links

between human genetic variation and COVID-19 susceptibility

and severity, the most prominent of which is the COVID-19 Host

Genetics Initiative (covid19hg.org). These studies are supported

by previous observations on SARS-CoV-1 that followed the

2003 outbreak, which have identified significant associations be-

tween genetic variants and immune phenotypes (Chan et al.,

2007; Wang et al., 2011; Zhao et al., 2011). Although identifying

such polymorphisms and their associated genes and pathways

for SARS-CoV-2 will require large cohorts, several studies, which

remain to be tested in clinical trials, have already highlighted ge-

netic polymorphisms that may potentially impact susceptibility.

These studies have focused on genetic variants that may impact

the expression or function of genes important in viral entry, namely

ACE2 (SARS-CoV-2 receptor) and TMPRSS2 (spike protein acti-

vator) (Asselta et al., 2020; Cao et al., 2020c; Renieri et al.,

2020; Stawiski et al., 2020). Cao et al. identified variants that are

potentially expression quantitative trait loci (eQTL) of ACE2 (i.e.,

they may potentially alter ACE2 gene expression) and analyzed

their frequencies in different populations (Cao et al., 2020c). Sta-

wiski et al. listed variants that may be critical in ACE2 binding

and thereby its function and compared the frequencies of these

variants within different populations (Stawiski et al., 2020).

While there are several limitations to these studies, the major

question is whether the utility of these biomarkers is replicable

in large populations with COVID-19 clinical outcomes data and

in targeted or large-scale genomic analyses that are currently

underway. In addition, these studies will reveal the potential as-

sociations between genetic variants and susceptibility in a gene

or loci agnostic fashion.

Routine Bloodwork Biomarkers

Several routine blood and serological parameters have been

suggested to stratify patients who might be at higher risk for

complications to aid in allocation of healthcare resources in the

pandemic (Table 1). Serologic markers from routine bloodwork

were reported by comparing patients with mild or moderate

symptoms to those with severe symptoms. This includes

different acute phase proteins, such as SAA (serum amyloid pro-

tein) and C-reactive protein (CRP) (Ji et al., 2020). Interestingly,

elevations in CRP appear to be unique to COVID-19 patients

when compared to other viral infections. Other consistently re-

ported markers in non-survivors are increased procalcitonin

(PCT) and IL-6 levels (Huang et al., 2020d), as well as increased

serum urea, creatinine, cystatin C, direct bilirubin, and cholines-

terase (Xiang et al., 2020a). Overall, inflammatory markers are

common in severe cases of COVID-19 and appear to correlate

with the severity of the symptoms and clinical outcome. More-

over, the extensive damage that occurs in specific organs of se-

vere COVID-19 patients is possibly related to differences in the

expression of ACE2 (Figure 5) (Du et al., 2020).

Lymphopenia is the most frequently described prognostic

marker in COVID-19 (Table 1), and it appears to predict morbidity

andmortality even at early stages (Fei et al., 2020). Tan et al. pro-

posed a prognostic model based on lymphocyte counts at two

time points: patients with less than 20% lymphocytes at days

10–12 from the onset of symptoms and less than 5% at days

17–19 had the worst outcomes in this study (Tan et al., 2020a).

Wynants et al. compared predictors of disease severity across

seven studies (>1,330 patients), highlighting CRP, neutrophil-

to-lymphocyte ratio (N/L), and lactate dehydrogenase (LDH) as

the most significant predictive biomarkers (Wynants et al.,

2020). Furthermore, a meta-analysis of 30 COVID-19 studies

with a total of 53,000 patients also attempted to identify early-

stage patients with poor prognosis (Zhao et al., 2020d). The

most consistent findings across the different studies were

elevated levels of CRP, LDH, and D-dimer, as well as decreased

blood platelet and lymphocyte counts (Yan et al., 2020b; Zhou

et al., 2020d). Systemic and pulmonary thrombi have been re-

ported with activation of the extrinsic coagulation cascade,

involving dysfunctional endothelium and monocytic infiltration

(Poor et al., 2020; Varga et al., 2020); thrombocytopenia and

elevated D-dimer levels may be indicative of these coagulopa-

thies in COVID-19 patients with important therapeutic implica-

tions (Fogarty et al., 2020; Poor et al., 2020).

Immunological Biomarkers in the Peripheral Blood

Immunological biomarkers are particularly important, as immuno-

pathology has been suggested as a primary driver of morbidity

and mortality with COVID-19. Several cytokines and other immu-

nologic parameters have been correlated with COVID-19 severity

(Table 1). Most notably, elevated IL-6 levels were detected in hos-

pitalized patients, especially critically ill patients, in several studies

and are associated with ICU admission, respiratory failure, and

poor prognosis (Chen et al., 2020g; Huang et al., 2020b; Liu

et al., 2020f). Increased IL-2R, IL-8, IL-10, and GM-CSF have

been associated with disease severity as well, but studies are

limited, and further studies with larger cohorts of patients are

needed to indicate predictive power (Gong et al., 2020; Zhou

et al., 2020b). Conflicting results regarding IL-1b and IL-4 have

been reported (Fu et al., 2020; Gong et al., 2020; Wen et al.,

2020). Although elevated cytokine concentrations have been

widely described in COVID-19 patients, the vast majority

(including IL-6, IL-10, IL-18, CTACK, and IFN-g) do not seem to

have prognostic value, because they do not always differentiate

moderate cases fromsevere cases (Yang et al., 2020b). This strat-

ification was possible with IP-10, MCP-3, and IL-1ra. While there

are reports that levels of IL-6 at first assessmentmight predict res-

piratory failure (Herold et al., 2020), other publications with longi-

tudinal analysesdemonstrated that IL-6 increases fairly late during

the disease’s course, consequently compromising its prognostic

value at earlier stages (Zhou et al., 2020a).

Liu et al. developed a web-based tool using k-means clustering

to predict prognosis in terms of death or hospital discharge of

COVID-19 patients using age, comorbidities (binary), and baseline

log helper T cell count (TH), log suppressor T cell count (TS), and

log TH/TS ratio (Liu et al., 2020e). Total T cell, helper T cell, and

ll
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suppressor T cell counts were significantly lower and the TH/TS

ratio was significantly higher in patients who died from infection

as compared to patients who were discharged.

Importantly, most serological and immunological changes

observed in severe cases are associated with disease severity

but cannot necessarily serve as predictive factors, as they may

not have utility in early identification of patients at higher risk. Dis-

covery of truly predictive biomarkers and potential drivers of hy-

perinflammatory processes requires comprehensive profiling of

asymptomatic and mild cases and longitudinal studies that are

limited to date. Confounding variables including age, gender,

and comorbidities may dramatically affect associations

observed. In addition, direct correlation with patient viral load

will be important to provide a greater understanding of underly-

ing causes of morbidity and mortality in COVID-19 and the

contribution of viral infectivity, hyperinflammation, and host

tolerance (Medzhitov et al., 2012).

In summary, lymphopenia, increases in proinflammatory

markers and cytokines, and potential blood hypercoagulability

characterize severe COVID-19 cases with features reminiscent

of cytokine release syndromes. This correlates with a diverse

clinical spectrum ranging from asymptomatic to severe and crit-

ical cases. During the incubation period and early phase of the

disease, leukocyte and lymphocyte counts are normal or slightly

reduced. After SARS-CoV-2 binds to ACE2 overexpressing or-

gans, such as the gastrointestinal tracts and kidneys, increases

in non-specific inflammation markers are observed. In more se-

vere cases, a marked systemic release of inflammatory media-

tors and cytokines occurs, with corresponding worsening of lym-

phopenia and potential atrophy of lymphoid organs, impairing

lymphocyte turnover (Terpos et al., 2020).

Antivirals
Antivirals are a class of small molecules that function as

inhibitors of one or more stages of a virus life cycle. Because

Figure 5. ACE2 Expression in Organs and
Systems Most Frequently Implicated in
COVID-19 Complications
The gastrointestinal tract, kidneys, and testis have
the highest ACE2 expressions. In some organs,
different cell types have remarkably distinct ex-
pressions; e.g., in the lungs, alveolar epithelial cells
have higher ACE2 expression levels than bronchial
epithelial cells; in the liver, ACE2 is not expressed
in hepatocytes, Kupffer cells, or endothelial cells
but is detected in cholangiocytes, which can
explain liver injury to some extent. Furthermore,
ACE2 expression is enriched on enterocytes of the
small intestine compared to the colon.
ACE2, angiotensin-converting enzyme 2; BNP, B-
type natriuretic peptide; CRP, C-reactive protein;
IL, interleukin; N/L, neutrophil-to-lymphocyte ratio;
PT, prothrombin time; aPTT, activated partial
thromboplastin time.

of similarities between different virus

replication mechanisms, some antivirals

can be repurposed against various viral

infections. Currently, most of the available

antiviral drugs tested against SARS-

CoV-2 are small molecules previously

developed against SARS-CoV-1, MERS-CoV, or other RNA

and DNA viruses.

Broad-Spectrum Antivirals

A number of small molecules with known antiviral activity against

other human RNA viruses are being evaluated for efficacy in

treating SARS-CoV-2. The ribonucleoside analog b-D-N4-hy-

droxycytidine (NHC) reduced viral titers and lung injury in mice

infected with SARS-CoV-2 via introduction of mutations in viral

RNA (Sheahan et al., 2017). Further, an inhibitor of host DHODH,

a rate-limiting enzyme in pyrimidine synthesis, was able to inhibit

SARS-CoV-2 growth in vitrowith greater efficacy than remdesivir

or chloroquine (Wang et al., 2020e; Xiong et al., 2020). Merime-

podib, a non-competitive inhibitor of the enzyme inosine-50-
monophosphate dehydrogenase (IMPDH), involved in host gua-

nosine biosynthesis, is able to suppress SARS-CoV-2 replication

in vitro (Bukreyeva et al., 2020). Finally, N-(2-hydroxypropyl)-3-

trimethylammonium chitosan chloride (HTCC), which was previ-

ously shown to efficiently reduce infection by the less-patho-

genic human CoV HCoV-NL63, was also found to inhibit

MERS-CoV and pseudotyped SARS-CoV-2 in human airway

epithelial cells (Milewska et al., 2020).

Protease Inhibitors

Much of the antiviral computational and experimental data

currently available for SARS-CoV-2 focus on targeting the 3CL

orMain protease (Mpro). Two prominent drug candidates target-

ing the SARS-CoV-2 Mpro were designed and synthesized by

analyzing the substrate binding pocket of Mpro (Dai et al.,

2020). The X-ray crystal structures of the novel inhibitors in

complex with SARS-CoV-2 Mpro were resolved at 1.5 Å. Both

compounds showed good pharmacokinetic activity in vitro,

and one exhibited limited toxicity in vivo (Dai et al., 2020).

Multiple studies also aimed to repurpose protease inhibitors to

reduce SARS-CoV-2 titers. Nine existing HIV protease inhibitors

(nelfinavir, lopinavir, ritonavir, saquinavir, atazanavir, tipranavir,

amprenavir, darunavir, and indinavir) were evaluated for their
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antiviral activity in Vero cells infected with SARS-CoV-2 (Yama-

moto et al., 2020), and nelfinavir was themost potent at inhibiting

viral replication.

RdRp Inhibitors

The CoV RNA-dependent RNA polymerase (RdRp) catalyzes the

synthesis of viral RNA (Gao et al., 2020a), making it essential for

viral replication and a prime target for antiviral inhibitors. Remde-

sivir, an adenosine triphosphate analog, inhibits RdRp by

binding to RNA strands and preventing additional nucleotides

from being added, thereby terminating viral RNA transcription

(Figure 6A) (Agostini et al., 2018). Remdesivir has been previ-

ously shown to be effective against MERS-CoV and SARS-

CoV-1 infections in animal models (Sheahan et al., 2017; de

Wit et al., 2020). Similarly, a study investigated the efficacy of re-

mdesivir treatments on 12 rhesus macaques with SARS-CoV-2

infections (Williamson et al., 2020). Macaques treated with re-

mdesivir showed a reduction in lung viral loads and pneumonia

symptoms but no reduction in virus shedding. This study does

provide evidence that if administered early enough, remdesivir

may be effective at treating SARS-CoV-2 infections.

Antiviral Clinical Trials

A large number of clinical trials using experimental antiviral drugs

are currently underway. A small proportion of them are aimed at

repurposing existing antivirals, including arbidol (umifenovir), a

broad-spectrum antiviral that blocks viral fusion; lopinavir/ritona-

vir (LPV/r), a combination of anti-HIV protease inhibitors; favipir-

avir, an RdRp inhibitor used to treat severe influenza infections

(Hayden and Shindo, 2019); and remdesivir (Figure 6A). Chen

et al. conducted a multicenter, randomized priority trial on 240

patients with confirmed COVID-19 infection to test favipiravir

or arbidol (Chen et al., 2020b). Favipiravir was suggested to

significantly improve symptom relief. However, the interpretation

of this study is limited by a short clinical recovery window of

7 days, only 100 of 236 patients with confirmed COVID-19,

and the lack of a control group.

LPV/r has previously shown efficacy in treating SARS-Cov-1

(Chu et al., 2004), prompting an early SARS-Cov-2 clinical trial

(Li et al., 2020c). 44 patients were enrolled in a trial investigating

the efficacy and safety of LPV/r (n = 21 patients), arbidol (n = 16),

or control (n = 7) as treatment for mild to moderate COVID-19. At

day 14 of treatment, 76.2%, 62.4%, and 71.4% of patients had a

positive to negative conversion in the LPV/r, arbidol, and control

groups, respectively, with no statistical significance between

groups. A randomized controlled trial (RCT) with 200 severe

COVID-19 patients did not observe a significant benefit of LPV/

r either (Cao et al., 2020a). However, a study that looked at the

impact of earlier administration of LPV/r treatment showed that

when treatment of LPV/r was started within 10 days of symptom

onset, a shorter duration of virus shedding was observed. Thus,

timing of LPV/r administration may be critical to its efficacy (Yan

et al., 2020a).

In a multicenter clinical study assessing the compassionate

use of remdesivir in severe COVID-19 patients, 53 patients

across several countries were treated with remdesivir for

10 days (Grein et al., 2020). 68% of the 53 patients who received

remdesivir showed clinical improvement assessed through

improved oxygen support or extubations. Without a proper con-

trol group, limited conclusions can be drawn with regards to the

efficacy of remdesivir from this study. The measured 68% clin-

ical improvement may be in line with average clinical improve-

ment across patients treated with standard of care (Li et al.,

2020c). A small RCT in China with 237 severe COVID-19 patients

randomized 2:1 to remdesivir versus placebo demonstrated no

significant benefit in time to clinical improvement (Wang et al.,

2020g). Almost simultaneously, preliminary results from a larger

National Institute of Allergy and Infectious Diseases (NIAID) RCT

with more than 1,000 patients were announced with remdesevir

to be associated with quicker time to recovery: 11 days

comparedwith 15 days (Ledford, 2020). A non-significant benefit

in mortality was also noted, and the trial was stopped early to

Figure 6. Available Therapeutic Options to
ManageCOVID-19 Immunopathology and to
Deter Viral Propagation
(A) Rdrp inhibitors (remdesivir, favipiravir), prote-
ase inhibitors (lopinavir/ritonavir), and antifusion
inhibitors (arbidol) are currently being investigated
in their efficacy in controlling SARS-CoV-2 in-
fections.
(B) CQ andHCQ increase the pHwithin lysosomes,
impairing viral transit through the endolysosomal
pathway. Reduced proteolytic function within ly-
sosomes augments antigen processing for pre-
sentation on MHC complexes and increases
CTLA4 expression on Tregs.
(C) Antagonism of IL-6 signaling pathway and of
other cytokine-/chemokine-associated targets
has been proposed to control COVID-19 CRS.
These include secreted factors like GM-CSF that
contribute to the recruitment of inflammatory
monocytes and macrophages.
(D) Several potential sources of SARS-CoV-2
neutralizing antibodies are currently under inves-
tigation, including monoclonal antibodies, poly-
clonal antibodies, and convalescent plasma from
recovered COVID-19 patients.
GM-CSF, granulocyte-macrophage colony-stim-
ulating factor; CQ, chloroquine; HCQ, hydroxy-
chloroquine; RdRp, RNA-dependent RNA poly-
merase.
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allow access to remdesivir in the placebo arm. Complete safety

data and full publication are awaited, but this study offers

encouraging results and has resulted in an FDA emergency

use authorization for remdesivir in hospitalized COVID-19 pa-

tients.

Therapeutic Immunomodulation for COVID-19
Treatment
Chloroquine: Modes of Action and Immunological

Impact

Chloroquine (CQ) and its derivative hydroxychloroquine (HCQ)

have gained traction as possible therapeutics for COVID-19.

Both drugs are used as antimalarial agents and as immunomod-

ulatory therapies for rheumatologic diseases. However, the

application of CQ and HCQ to COVID-19 stems from their past

use as antivirals (Savarino et al., 2003), including for SARS-

CoV-1 (Keyaerts et al., 2004; Vincent et al., 2005). CQ and

HCQ interfere with lysosomal activity and have been reported

to have immunomodulatory effects. CQ augments antigen pro-

cessing for MHC class I and II presentation, directly inhibits en-

dosomal TLR7 and TLR9, and enhances the activity of regulatory

T cells (Garulli et al., 2008; Lo et al., 2015; Schrezenmeier and

Dörner, 2020; Thomé et al., 2013a, 2013b). Early studies

involving in vitro infection of host cells with SARS-CoV-2 demon-

strated that both CQ and HCQ significantly impact endosomal

maturation, resulting in increased sequestration of virion parti-

cles within endolysosomes. However, there has been conflicting

evidence whether CQ is more potent than HCQ in reducing viral

load (Liu et al., 2020d; Wang et al., 2020b; Yao et al., 2020a).

Notably, one group reported that treatment of infected cells

with HCQ before and during infection significantly reduced viral

load, suggesting that combined prophylactic and therapeutic

HCQ use yieldsmaximumefficacy (Clementi et al., 2020). To bet-

ter understand host immune responses to treatment, one group

compared bulk transcriptomic changes in primary PBMCs

treated with HCQ for 24 h to PBMCs from confirmed SARS-

CoV-2 positive patients and controls, followed by a comparison

of HCQ-treated primary macrophages to BAL and postmortem

lung biopsies from COVID-19 patients (Corley et al., 2020).

Across all comparisons, there was minimal overlap between

host differential gene expression and genes altered by in vitro

HCQ treatment. Thus, the potential mechanistic action of HCQ

in the context of SARS-CoV-2 remains poorly defined.

Evaluation of HCQ Efficacy in Clinical Trials

Despite the apparent widespread use of HCQ and CQ to treat

COVID-19 (Figure 6B), few controlled clinical trials have been

performed so far and thus the potential benefits of these drugs

for COVID-19 remains controversial. One of the earliest trials

(2020-000890-25) was a single-arm, open-label trial of 600 mg

daily HCQ in 20 COVID-19 patients. They reported that HCQ

alone, or in combination with the antibiotic azithromycin (AZ),

reduced viral load by day 6 (Gautret et al., 2020a). A follow-up

trial in 80 patients treated with HCQ and AZ reported that 93%

of patients had a negative PCR result on day 8 of treatment,

and 81.3%were dischargedwithin 10 days of treatment. Howev-

er, it is important to note that both trials had no control arms

(Gautret et al., 2020b). Rigorous statistical analyses by others

that accounted for the patients excluded from the original

analysis found limited evidence for HCQ monotherapy (Hulme

et al., 2020; Lover, 2020). A double-blind RCT assessed

HCQ monotherapy in the treatment of mild COVID-19

(ChiCTR2000029559) (Chen et al., 2020i). A total of 62 patients

were enrolled; the treatment arm received 400 mg HCQ daily

over 5 days. By day 6, patients who received HCQ had clinical

resolution on average 1 day earlier than controls; no patients pro-

gressed to severe disease compared to four patients in the con-

trol arm. In a smaller RCT that treated 30 patients with mild

COVID-19 (NCT04261517) with 400 mg HCQ for 7 days, there

were no significant differences in the number of patients with

negative PCR results on day 7 (all but one positive), median dura-

tion of hospitalization, time to fever resolution, or progression of

disease on chest computed tomography (CT) (Chen et al.,

2020d). The largest RCT to date enrolled 150 patients with mild

COVID-19 across 16 centers in an open-label trial of HCQ and

standard of care (ChiCTR2000029868). Therewere no significant

differences between groups in conversion to negative SARS-

CoV-2 RT-PCR result on day 28 or rate of symptom resolution;

there were significantly more adverse events in the HCQ arm,

though largely non-serious; they reported some evidence for

faster normalization of C-reactive protein in the patients who

received HCQ plus standard of care, but this finding was not sig-

nificant (Tang et al., 2020b). A meta-analysis including most of

the studies described here found no clinical benefits to patients

receiving standard of care plus an HCQ regimen (Shamshirian

et al., 2020).

Two studies have assessedHCQ efficacy in severe COVID-19.

In a prospective study of 11 patients who had received 600 mg

HCQ over 10 days with AZ on days 1–5, there were several

patients with worsening clinical status and one death; 8 of 10 pa-

tients had a positive PCR result on day 10 (Molina et al., 2020). An

ongoing double-blind RCT of patients with severe COVID-19

(NCT04323527) randomized 81 patients into high-dose HCQ

(600 mg 23 per day for 10 days) or low-dose (450 mg/day for

5 days) treatment groups (Borba et al., 2020). Recruitment into

the high-dose arm was halted prematurely due to poor safety

outcomes. There was no significant difference in negative PCR

results on day 4 or need for mechanical ventilation on day 6.

Taken together, the clinical trials performed thus far to evaluate

the efficacy of HCQ ± AZ for COVID-19 have not demonstrated

clear evidence of clinical benefit in patients with severe disease.

A search of ClinicalTrials.gov on April 27, 2020 found 140 clinical

trials investigating HCQ. This number is rapidly growing, indi-

cating the heightened interest in this therapeutic and pressing

need for evidence-based recommendations.

Corticosteroids for COVID-19 Therapy

Because of their anti-inflammatory activity, corticosteroids (CSs)

are an adjuvant therapy for ARDS and cytokine storm. However,

the broad immunosuppression mediated by CS does raise the

possibility that treatment could interfere with the development

of a proper immune response against the virus. A meta-analysis

of 5,270 patients with MERS-CoV, SARS-CoV-1, or SARS-CoV-

2 infection found that CS treatment was associated with higher

mortality rate (Yang et al., 2020c). A more recent meta-analysis

of only SARS-CoV-2 infection assessed 2,636 patients and

found no mortality difference associated with CS treatment,

including in a subset of patients with ARDS (Gangopadhyay

et al., 2020). Other studies have reported associations with de-

layed viral clearance and increased complications in SARS and
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MERS patients (Sanders et al., 2020). In fact, the interim guide-

lines updated by theWHO onMarch 13, 2020 advise against giv-

ing systemic corticosteroids for COVID-19 (World Health Organi-

zation, 2020a). Yet, new data from COVID-19 are conflicting.

One group reported no significant difference in time to viral

clearance between patients who received methylprednisolone

orally (mild disease) or intravenously (i.v.) (severe) and those

who did not (Fang et al., 2020). Retrospective studies from

groups in China report that patients who were transferred to

the ICU were less likely to have received CSs (Wang et al.,

2020b) and that patients with ARDS who received methylpred-

nisolone had reduced mortality risk (Wu et al., 2020a). In

contrast, another retrospective analysis found that patients

who received CSs were more likely to have either been admitted

to the ICU or perished, although the CS-treated group also had

significantly more comorbidities (Wang et al., 2020c). A smaller

observational study of 31 patients found no association between

corticosteroid treatment and time to viral clearance, length of

hospital stay, or symptom duration (Zha et al., 2020). A larger

study of adjuvant CSs in 244 patients with critical COVID-19

found no association with 28-day mortality; subgroup analysis

of patients with ARDS found no association between treatment

with CSs and clinical outcomes (Lu et al., 2020b). They also

found that increased dosage was significantly associated with

increased mortality risk. A retrospective review of 46 patients,

of whom 26 received i.v. methylprednisolone, found that early,

low-dose administration significantly improved SpO2 and chest

CT, time to fever resolution, and time on supplemental oxygen

therapy (Wang et al., 2020h). Others have published perspec-

tives in support of early (Lee et al., 2020) and short-term, low-

dose administration (Shang et al., 2020) based on anecdotal ev-

idence but not clinical trials.Most of the current data onCS use in

COVID-19 are from observational studies and support either

modest clinical benefit or no meaningful effects. Larger RCTs

are necessary to understand the risks and benefits of CSs for

these patients; there are 22 trials evaluating various corticoste-

roids registered on ClinicalTrials.gov as of April 27, 2020.

Cytokine-Directed Therapy in COVID-19

Recombinant IFN as an Antiviral Treatment. One of the first de-

fenses of the human body against RNA viruses like SARS-CoV-2

is the release of types I and III IFNs. It is important to note that

type I IFN (IFNa/b) receptors are ubiquitously expressed, so

IFNa/b signaling can result in not only antiviral effects, but also

the activation of immune cells that potentially exacerbate patho-

genesis. In contrast, type III IFN (also known as IFNl) signals

mainly in epithelial cells, as well as in a restricted pool of immune

cells. Because type III IFNs have immunomodulatory functions,

subsequent signaling could induce a potent antiviral effect

without enhancing pathogenic inflammation (Andreakos et al.,

2017; Prokunina-Olsson et al., 2020).

Recently, there has been a growing interest in the potential

therapeutic impact of modulating the IFN response to disable

COVID-19 pathogenesis. Before the current pandemic, groups

have studied the role of IFNs in other betacoronavirus infections.

One study of 40 patients with SARS-CoV-1 infection described

unresolved elevated type I IFNs and ISGs in those with poor out-

comes (Cameron et al., 2007). Others report that exogenous type

I IFN does not improve outcomes when given with ribavirin in pa-

tients with MERS-CoV infection (Arabi et al., 2020), suggesting

that the role of IFN as a therapeutic or prophylactic option may

be strain or species specific (Sheahan et al., 2020). Interestingly,

a recent study by Mount Sinai virology groups revealed that type

I IFN signaling is impaired in the early response to SARS-CoV-2;

in vitro, SARS-CoV-2 may be more susceptible to type I IFN than

SARS-CoV-1 is (Blanco-Melo et al., 2020). Based on additional

evidence that IFN responses to betacoronaviruses are altered

as compared to other respiratory viruses (Blanco-Melo et al.,

2020; Channappanavar et al., 2016; Okabayashi et al., 2006), tri-

als of IFN-I/III administration have been initiated (NCT04343976,

NCT04331899).

Cytokine Blockade. Hyperinflammatory responses and

elevated levels of inflammatory cytokines, including IL-6, -8,

and -10, have been shown to correlate with COVID-19 severity

(Chen et al., 2020h; Diao et al., 2020; Gong et al., 2020; Moore

and June, 2020; Wan et al., 2020a; Xu et al., 2020b). The drivers

of this cytokine storm remain to be established, but they are

likely triggered initially by a combination of viral PAMPs

and host danger signals. The heterogeneous response

between patients suggests other factors are involved, possibly

including the SARS-CoV-2 receptor, ACE2 (Hirano and Mura-

kami, 2020).

Several studies have begun to report the cellular programs

that may contribute to the cytokine storm detected in COVID-

19 patients. One group reported that in the context of general-

ized lymphopenia, certain subsets of CD4 T cells that express

GM-CSF and IL-6 are more abundant in severe COVID-19 pa-

tients than in COVID-19 patients who do not require intensive

care (Zhou et al., 2020b). Reports that other major proinflamma-

tory cytokines (TNF-a, IFN-ɣ, IL-2) and chemokines (CCL2,

CCL3, CCL4) are elevated underscore a potentially pathogenic

TH1/2 program in COVID-19 (Diao et al., 2020; Giamarellos-

Bourboulis et al., 2020). Histological and single-cell analyses

identified monocytes and macrophages as other potent sources

of inflammatory cytokines in COVID-19 cytokine storm (Chen

et al., 2020h; Giamarellos-Bourboulis et al., 2020; Law et al.,

2005; Moore and June, 2020; Zhou et al., 2020b). Studies of

other betacoronavirus infections, including SARS-CoV-1 and

MERS-CoV, have also identified similar hyperactivation of

monocytes, macrophages, and DCs as a driver of cytokine-

mediated immunopathology in humans (Cheung et al., 2005;

Chien et al., 2006; Huang et al., 2020c; Konig et al., 2020;

Wang et al., 2005; Wong et al., 2004; Xu et al., 2020b; Zhou

et al., 2020b).

Following preliminary reports of IL-6 as a critical cytokine in

COVID-19-associated CRS, monoclonal antibodies that target

the IL-6 signaling pathway have been proposed as therapeutic

candidates (Moore and June, 2020) (Figure 6C). The commercial

anti-IL-6R antibodies tocilizumab (Actemra) and sarilumab (Kev-

zara) and the anti-IL-6 antibody siltuximab (Sylvant) are now be-

ing tested for efficacy in managing COVID-19 CRS and pneu-

monia in 13 ongoing clinical trials (Table 2). To date, only one

group has reported preliminary results from a cohort of 20

COVID-19 patients treated with a single administration of tocili-

zumab (400 mg, i.v.), along with lopinavir, methylprednisolone,

and oxygen therapy (ChiCTR2000029765) (Xu et al., 2020b).

The single observation study found recuperated lymphocyte

counts in 10 of 19 patients and resolution of lung opacities in

19 of 20 patients on chest CT; 19 of 20 patients were discharged.
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All patients experienced an improvement in symptoms, and no

subsequent pulmonary infections were reported. A second

report described an association between use of tocilizumab

and reduced likelihood of ICU admission and mechanical venti-

lation. Still, in 30 declining patients with severe COVID-19 pneu-

monia, this retrospective study did not report significant

improvement in mortality on weighted analysis (Roumier et al.,

2020). Nevertheless, these studies are encouraging, but like

other treatment approaches, larger RCTs are needed.

In addition to the IL-6 signaling pathway, other cytokine- and

chemokine-associated elements, including IL-1R, GM-CSF,

and the chemokine receptor CCR5, have been proposed as po-

tential targets for blockade to manage COVID-19 CRS

(Figure 6C). Finally, complement activation was shown to be

overactivated in lungs of COVID-19 patients. Although results

from the randomized trial are not yet published, anti-C5a mono-

clonal antibody therapy showed benefits in two critically ill

COVID-19 patients (Gao et al., 2020d).

Neutralizing Antibodies and Convalescent Plasma
Therapy for COVID-19
While vaccines are being developed to educate a person’s im-

mune system to make their own nAbs against SARS-CoV-2,

there is interest in using adoptive transfer of nAbs as a therapeu-

tic approach (Figure 6D). This strategy has already proven to be

effective against SARS-CoV-1 (Cao et al., 2010; Ho et al., 2005;

ter Meulen et al., 2004; Park et al., 2020; Sui et al., 2004; Zhu

et al., 2007) and MERS-CoV (Forni et al., 2015; Jia et al., 2019;

Ying et al., 2015). In the case of SARS-CoV-2, these efforts are

primarily centered on identifying nAbsmade during natural infec-

tions or generating nAbs through animal vaccination ap-

proaches.

nAbs Derived from COVID-19 Patients

Patients who have recovered from SARS-CoV-2 infection are

one potential source of nAbs (Chen et al., 2020a; Ju et al.,

2020; Walls et al., 2020; Wölfel et al., 2020; Yuan et al., 2020).

In an effort to obtain these nAbs, scientists sorted RBD-specific

memory B cells and cloned their heavy and light variable regions

to express recombinant forms of the corresponding antibodies

(Chen et al., 2020a; Ju et al., 2020). Four of the antibodies pro-

duced in these studies (31B5, 32D4, P2C-2F6, P2C-1F11)

showed high neutralizing potential in vitro, and all inhibited

ACE2-RBD binding. Successful antibody-mediated neutraliza-

tion of SARS-CoV-2 seemed to be dependent on the inhibition

of ACE2/RBD binding. However, Chen et al. showed that nearly

all antibodies derived from serum of 26 recovered patients

bound to S1 and RBD, with only three actually inhibiting ACE2/

RBD binding (Chen et al., 2020a). Of note, a SARS-CoV-1-

derived neutralizing antibody (47D11) (Wang et al., 2020a) and

a single-chain antibody against SARS-CoV-2 (n3130) (Wu

et al., 2020c) have also been shown to neutralize SARS-CoV-2

without inhibiting ACE2/RBD binding. Thus, blocking this inter-

action may not be a prerequisite for an effective SARS-CoV-2

nAb. The generation of a hybridoma producing a monoclonal

nAb against SARS-CoV-2 provides the potential for a therapeu-

tic Ab that can be directly administered to patients to block

ongoing infection and potentially even as a prophylactic

(Figure 6D).

SARS-CoV-1 nAbs Also Neutralize SARS-CoV-2

SARS-CoV-1 and SARS-CoV-2 consensus sequences share

about 80% identity (Tai et al., 2020). Thus, a wide range of

SARS-CoV-1 nAbs have been tested for crossreactivity with

SARS-CoV-2, as they could help speed up the development of

potential COVID-19 treatments. In a recent study, antibodies

were isolated from the memory B cells of an individual who

recovered from SARS-CoV-1 infection. While 8 out of 25 isolated

antibodies could bind SARS-CoV-2 S protein, one of them (s309;

see Table 3) also neutralizes SARS-CoV-2 (Pinto et al., 2020).

The combination of s309 with a weakly neutralizing antibody

that could bind another RBD epitope led to enhanced neutraliza-

tion potency. In addition, CR3022 (Table 3) was found to bind

SARS-CoV-2 RBD (Tian et al., 2020b), but this antibody did not

neutralize SARS-CoV-2 (Yuan et al., 2020). Computational simu-

lations identified three amino acids that could be modified on

CR3022 to enhance its binding affinity with SARS-CoV-2 RBD

(Giron et al., 2020), potentially augmenting its neutralization po-

tential.

nAbs Derived from Animals

Animal models represent another tool to generate nAbs against

SARS-CoV-2 (Table 3). In one study, the authors developed a

protocol to synthetize human nanobodies, smaller antibodies

that only contain a variable heavy (VH) chain as first described

in camelids (Wu et al., 2020c) (Figure 6D). Another antibody iso-

lated from camelids immunized with SARS-CoV-1 and MERS-

CoV S proteins then fused to a human Fc fragment showed

neutralization potential against SARS-CoV-2 (VHH-72-Fc)

(Wrapp et al., 2020). Genetically modified mice with humanized

antibody genes can also be used to generate therapeutic mono-

clonal antibodies, as successfully experimented against Ebola

Table 2. Clinical Trials Evaluating the Efficacy of IL-6/IL-6R

Blockade Therapy

Clinical Trial Intervention

NCT04331795 (COVIDOSE)

NCT04320615 (COVACTA)

NCT04332913 (TOSCA)

NCT04317092 (TOCOVID-19)

NCT04335071 (CORON-ACT)

NCT04315480

ChiCTR2000029765

tocilizumab

NCT04315298 sarilumab

NCT04310228 tocilizumab

favipiravir

NCT04306705 (TACOS) tocilizumab

continuous renal

replacement therapy

standard of care

NCT04332094 (TOCOVID) tocilizumab

azithromycin

hydroxychloroquine

NCT04341870

(CORIMUNO-VIRO)

sarilumab

azithromycin

hydroxychloroquine

NCT0433z638 (COV-AID) tocilizumab

siltuximab

anakinra

standard of care
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virus (Levine, 2019). Similar studies are now focused on the use

of SARS-CoV-2 or derivatives to generate highly effective nAb in

animal models, which can be directly given to infected patients,

and efforts are already underway with estimates of clinical trials

of pooled antibody cocktails beginning in early summer by Re-

generon. Finally, another approach to nAb development is to

fuse ACE2 protein and the Fc part of antibodies, as they would

bind RBD and potentially be crossreactive among other CoVs

(Figure 6D). Indeed, an ACE2-Fc (Lei et al., 2020a) and an

RBD-Fc (Li et al., 2020d) have been shown to neutralize both

SARS-CoV-1 and SARS-CoV-2 in vitro.

Convalescent Plasma Therapy

Although recombinant nAbs could provide an effective treat-

ment, they will require a significant time investment to develop,

test, and bring production to scale before becomingwidely avail-

able to patients. A faster strategy consists of transferring conva-

lescent plasma (CP) from previously infected individuals that

have developed high titer nAbs that target SARS-CoV-2

(Figure 6D). Despite the current lack of appropriately controlled

trials, CP therapy has been previously used and shown to be

beneficial in several infectious diseases, such as the 1918 influ-

enza pandemic (Luke et al., 2006), H1N1 influenza (Hung et al.,

2011), and SARS-CoV-1 (Arabi et al., 2016). Thanks to the devel-

opment of serological tests (Amanat et al., 2020; Cai et al., 2020;

Xiang et al., 2020b; Zhang et al., 2020d), recovered COVID-19

patients can be screened to select plasma with high antibody

titers.

Some studies and case reports on CP therapy for COVID-19

have evaluated the safety and the potential effectiveness of CP

therapy in patients with severe disease (Ahn et al., 2020; Duan

et al., 2020; Pei et al., 2020; Shen et al., 2020; Zhang et al.,

2020b) (Table 4). These studies were neither controlled nor ran-

domized, but they suggest that CP therapy is safe and can have

a beneficial effect on the clinical course of disease. Further

controlled trials are needed to determine the optimal timing

and indication for CP therapy. CP therapy has also been pro-

posed for prophylactic use in at-risk individuals, such as those

with underlying health conditions or health care workers

exposed to COVID-19 patients. The FDA has approved the use

of CP to treat critically ill patients (Tanne, 2020). Determining

when to administer the CP is also of great importance, as a study

in SARS-CoV-1 patients showed that CP was much more effi-

cient when given to patients before day 14 day of illness (Cheng

et al., 2005b), as previously shown in influenza (Luke et al., 2006).

This study also showed that CP therapy was more efficient in

PCR-positive, seronegative patients. The amount of plasma

and number of transfusions needed requires further investigation

(Table 4).

Overall, CP therapy seems to be associated with improved

outcomes and appears to be safe, but RCTs are needed to

Table 3. Strategies to Isolate SARS-CoV-2 Neutralizing Antibodies

Ab Source Clone Target Type of Antibody Neutralization

Inhibition

of ACE2/RBD

Binding Reference

Derived from

COVID-19 patients

31B532D4 RBD human monoclonal yes yes Chen et al., 2020a

P2C-2F6P2C-1F11 RBD human monoclonal yes yes Ju et al., 2020

Derived from

SARS-CoV-1 patients

CR3022 RBD human monoclonal no no Tian et al., 2020b;

Yuan et al., 2020;

Giron et al., 2020

S309 RBD human monoclonal yes no Pinto et al., 2020

Derived from

SARS-CoV-1

or MERS-CoV-1

animal models

R325R302R007 S1 rabbit monoclonal yes no Sun et al., 2020

47D11 S1 recombinant human

monoclonal (derived

from hybridomas of

immunized transgenic

H2L2 mice)

yes no Wang et al., 2020a

VHH-72-Fc S Fc-fusion derived

from camelids VHH

yes yes Wrapp et al., 2020

S polyclonal mouse

antibodies

yes N/A Walls et al., 2020;

Yuan et al., 2020

Other ACE2-Fc RBD ACE2-Fc fusion yes N/A Lei et al., 2020a;

Li et al., 2020d

RBD-Fc ACE2 RBD-Fc fusion yes N/A Li et al., 2020d

N3130 S1 human monoclonal

single domain

antibody isolated

by phage display

yes no Wu et al., 2020c

IVIg N/A polyclonal human IVIg N/A N/A Dı́ez et al., 2020;

Shao et al., 2020

F(ab0)2 RBD horse polyclonal yes N/A Pan et al., 2020

N/A, not assessed.
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confirm this. Several clinical trials are currently in progress

worldwide (Belhadi et al., 2020).

Vaccine Development
The devastating effects of the pandemic spread of SARS-

CoV-2 in a globally naive population has resulted in unprece-

dented efforts to rapidly develop, test, and disseminate a vac-

cine to protect against COVID-19 or to mitigate the effects of

SARS-CoV-2 infection. Although vaccination has a long and

successful history as an effective global health strategy, there

are currently no approved vaccines to protect humans against

CoVs (André, 2003). Previous work after the SARS-CoV-1 and

MERS-CoV epidemics has provided a foundation on which

many current efforts are currently building upon, including

the importance of the S protein as a potential vaccine. Diverse

vaccine platforms and preclinical animal models have been

adapted to SARS-CoV-2, facilitating fast-moving and robust

progress in creating and testing SARS-CoV-2 vaccine candi-

dates. A number of vaccine candidates are already being

tested in clinical trials, and more are continuing to progress

toward clinical testing.

The S Protein as a Vaccine Target

Since SARS-CoV-1 first emerged, the S protein has been

favored as the most promising target for vaccine development

to protect against CoV infection. This particular viral protein

has important roles in viral entry and in stimulating the im-

mune response during natural infection and in vaccination

studies of both SARS-CoV-1 and MERS-CoV (Du et al.,

2009; Song et al., 2019; Zhou et al., 2018), which has also

been confirmed for SARS-CoV-2 (Walls et al., 2020). The S

protein has been found to induce robust and protective hu-

moral and cellular immunity, including the development of

nAbs and T cell-mediated immunity (Du et al., 2009). In animal

models, correlates of protection against SARS-CoV-1 infec-

tion appear to be induction of nAbs against the S protein,

although antibodies to other proteins have been detected,

such as those against nucleoprotein (N) and ORF3a (Qiu

et al., 2005; Sui et al., 2005). nAbs are also believed to protect

against infection by blocking receptor binding and viral entry,

which has been shown with pseudovirus-based neutralization

assays (Ni et al., 2020; Nie et al., 2020a). Studies of SARS-

CoV-1 indicate that T cell response against the S protein cor-

relates with nAb titers and dominated the T cell response after

natural infection, which also induced T cells active against the

membrane (M) and N proteins, that memory T cell responses

can persist even 11 years after infection, and that memory

CD8+ T cells can protect mice from lethal challenge in the

absence of memory CD4+ T cells and memory B cells (Li

et al., 2008; Ng et al., 2016). RBD-specific antiviral T cell re-

sponses have also been detected in people who have recov-

ered from COVID-19, further validating its promise as a vac-

cine target (Braun et al., 2020; Ni et al., 2020).

Table 4. Clinical Studies of Convalescent Plasma Therapy in COVID-19 Patients

Patient Characteristics Start of CP Therapy Results Reference

5 severe patients (30–70 yo) between 10 and 22 days after

hospital admission

body temperature normalized within 3 days

in 4 of 5 patients

Shen et al., 2020

clinical improvement

viral loads became negative within 12 days

of the transfusion

nAb titers increased

10 severe patients (34–78 yo) median 16.5 dpo disappearance of clinical symptoms

after 3d

Duan et al., 2020

chest CT improved

elevation of lymphocyte counts in patients

with lymphocytopenia.

increase in SaO2 in all patients

resolution of SARS-CoV-2 viremia in 7

patients

increase in neutralizing antibody titers in

5 patients

4 critical patients (31–73 yo) at degradation of symptoms,

between 11 and 19 days after

hospital admission

clinical improvement Zhang et al., 2020b

reduced viral load

chest CT improved

1 moderate patient, 2 critical patients 12 dpo, 27 dpo viral detection negative 4 days after CP Pei et al., 2020

clinical improvement of 2 patients

2 severe patients (67 and 71 yo) 7 dpo or 22 dpo clinical improvement Ahn et al., 2020

reduced viral load

chest CT improved

yo, years old; dpo, days post onset of symptoms.
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Epitope Mapping

Although the antibodies targeting the RBD of the S protein have

greater potential for providing cross-protective immunity, other

fragments of the S protein and additional viral proteins have

been investigated as target epitopes, especially for T cells. Re-

searchers have taken advantage of the genetic similarity be-

tween SARS-CoV-2 and SARS-CoV-1 and MERS-CoV and bio-

informatics approaches to rapidly identify potential B and T cell

epitopes in the S and other proteins, with many studies providing

data regarding antigen presentation and antibody-binding prop-

erties and one study looking into the predicted evolution of epi-

topes (Ahmed et al., 2020; Baruah and Bose, 2020; Bhattacharya

et al., 2020; Fast et al., 2020; Grifoni et al., 2020; Lon et al., 2020;

Zheng and Song, 2020).While the S protein has been found to be

the most immunodominant protein in SARS-CoV-2, the M and N

proteins also contain B and T cell epitopes, including some with

high conservation with SARS-CoV-1 epitopes (Grifoni

et al., 2020).

Vaccine Pipeline

For SARS-CoV-1 and MERS-CoV, animal studies and phase I

clinical trials of potential vaccines targeting the S protein had

encouraging results, with evidence of nAb induction and induc-

tion of cellular immunity (Lin et al., 2007;Martin et al., 2008; Mod-

jarrad et al., 2019). These findings are being translated into

SARS-CoV-2 vaccine development efforts, hastening the prog-

ress drastically. TheWHOprovided a report in April that reported

63 vaccine candidates in preclinical testing and three in clinical

testing (World Health Organization, 2020b). A recent search on

May 1, 2020 on ClinicalTrials.gov revealed 10 registered vaccine

candidates (Table 5). The University of Pittsburgh is also looking

to move their microneedle array vaccine candidate containing a

codon-optimized S1 subunit protein into clinical trials (Kim et al.,

2020). Sanofi and GlaxoSmithKline (GSK) have recently reported

their intent to collaborate and bring together Sanofi’s baculovirus

expression system, which is used to produce the influenza virus

vaccine, Flublok, to create an S protein vaccine adjuvanted with

GSK’s AS03. Sinovac Biotech will also enter testing in a clinical

trial in China after it was found to protect rhesus macaques from

viral challenge without signs of detectable immunopathology

(Gao et al., 2020c). Although some of these vaccine candidates

are based on platforms that have been used or tested for other

purposes, there remain questions regarding their safety and

immunogenicity, including the longevity of any induced re-

sponses, that will require continual evaluation.

Challenges

Although the development of a vaccine to protect against SARS-

CoV-2 infection has progressed at an unprecedented rate and

produced an impressive volume of candidates for testing,

Table 5. Vaccine Candidates Currently Registered for Clinical Trials

Candidate Design Developer Similar Strategy ClinicalTrials.gov Identifier

mRNA-1273 LNP-encapsulated mRNA for

full-length S protein

ModernaTX CMV (John et al., 2018),

ZKV (Pardi et al., 2017)

NCT04283461

BNT162a1, b1,

b2, c2

LNP-encapsulated mRNA

vaccines with different formats

of RNA and targets, two for

larger S sequence and two for

optimized RBD

BioNTech SE and Pfizer NCT04368728

INO-4800 DNA vaccine for full-length

S protein

Inovio Pharmaceuticals MERS-CoV (Modjarrad

et al., 2019), HPV (Trimble

et al., 2015)

NCT04336410

Ad5-nCoV adenovirus type 5 encoding

full-length S protein

CanSino Biologics EBV (Zhu et al., 2015, 2017) NCT04313127 (phase I)

NCT04341389 (phase II)

ChAdOx1 nCoV-19 adenovirus encoding full-length

S protein

University of Oxford MERS-CoV (Alharbi et al.,

2017), IAV (Antrobus et al.,

2014)

NCT04324606

COVID-19 LV-

SMENP-DC

dendritic cells infected with

lentivirus expressing SMENP

minigenes to express COVID-19

antigens, together with activated

CTLs

Shenzhen Geno-Immune

Medical Institute

NCT04276896

COVID-19 aAPCs aAPCs infected with lentivirus

expressing minigenes to express

COVID-19 antigens

Shenzhen Geno-Immune

Medical Institute

NCT04299724

bacTRL-Spike-1 live bacteria delivering plasmid

encoding S protein

Symvivo Corporation therapeutics reviewed

(Charbonneau et al., 2020)

NCT04334980

PiCoVacc inactivated SARS-CoV-2 vaccine Sinovac Biotech HAV, IAV, IBV, poliovirus,

rabies virus

NCT04352608

SARS-CoV-2 rS spike protein nanoparticle vaccine

with or without Matrix-M adjuvant

Novavax NCT04368988

aAPCs, artificial antigen-presenting cells; CMV, cytomegalovirus; EBV, Ebola virus; HAV, hepatitis A virus; HPV, human papillomavirus; IAV, influenza A

virus; IBV, influenza B virus; LPN, lipid nanoparticle; ZKV, Zika virus.
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many challenges lie ahead. The prior knowledge gained after

SARS-CoV-1 was first discovered in 2003, and the subsequent

emergence of MERS-CoV in 2012 provided a significant jump-

start, but the progress of SARS-CoV-2 vaccine development

has already far outstripped the point of the blueprint created

before COVID-19 became a pandemic. While a variety of plat-

forms are simultaneously being innovated or adapted, they

each have strengths and limitations, many of which relate to

the delicate balance between safety and immunogenicity.

Many shortcuts have been taken and will continue to be taken

due to the urgency of the ongoing COVID-19 pandemic, but sig-

nificant concerns need to be addressed. One such concern in-

volves the accumulating data supporting the initial assessment

that COVID-19 is disproportionately severe in older adults. In

conjunction with the large body of work related to immune

senescence, these findings indicate that vaccine design should

take into consideration the impact of aging on vaccine efficacy

(Nikolich-�Zugich, 2018). Furthermore, questions remain

regarding the possibility of antibody-dependent enhancement

of COVID-19, with in vitro experiments, animal studies, and

two studies of COVID-19 patients supporting this possibility

(Cao, 2020; Tetro, 2020; Zhang et al., 2020a; Zhao et al.,

2020a). Assuming vaccine candidates that can safely induce

protective immune responses are identified, additional major

hurdles will be the production and dissemination of a vaccine.

For some types of vaccines, large-scale production will not be

as much of an issue, and infrastructure already in place to pro-

duce current Good Manufacturing Practice (cGMP)-quality bio-

logics can be repurposed, but this will only be applicable to a

subset of the candidates (Thanh Le et al., 2020). In order to

address the urgent need and stem the COVID-19 pandemic, reg-

ulatory agencies need to continue to support rapid testing and

progression of vaccine candidates, companies need to dissem-

inate important findings directly and openly, and researchers

need to investigate correlates of protection using in-depth im-

mune monitoring of patients with a broad range of clinical pre-

sentations and clinical trial participants. The newly announced

Accelerating COVID-19 Therapeutic Interventions and Vaccines

(ACTIV) is designed to bring together numerous governmental

and industry entities to help address this need.

Concluding Remarks
The rapid spread of SARS-CoV-2 and the unprecedented nature

of COVID-19 has demanded an urgency in both basic science

and clinical research, and the scientific community has met

that call with remarkable productivity. Within months, there has

been a significant generation of scientific knowledge that has

shed some light on the immunology of SARS-CoV-2 infections.

Studies of past coronavirus outbreaks involving SARS-CoV-1

and MERS-CoV have provided a foundation for our understand-

ing. The pathology of severe cases of COVID-19 does indeed

resemble certain immunopathologies seen in SARS-CoV-1 and

MERS-CoV infections, like CRS.

However, in many other ways, immune responses to SARS-

CoV-2 are distinct from those seen with other coronavirus infec-

tions. The emerging epidemiological observation that significant

proportions of individuals are asymptomatic despite infection not

only reflects our current understanding that SARS-CoV-2 has a

longer incubationperiodandhigher rateof transmission thanother

coronaviruses, but also speaks to significant differences in the

host immune response. Therefore, it is imperative that immune re-

sponses against SARS-CoV-2 and mechanisms of hyperinflam-

mation-driven pathology are further elucidated to better define

therapeutic strategies forCOVID-19.Here,we reviewed the recent

literatureandhighlightedhypotheses that interrogatemechanisms

for viral escape from innate sensing, for hyperinflammationassoci-

atedwith CRS and inflammatorymyeloid subpopulations, for lym-

phopenia marked by T cell and NK cell dysfunction, and for corre-

lates of protection and their duration, among others. Still,

additional studiesareneeded toaddresshow these immunediffer-

encesacrosspatientsorbetweendifferent typesof coronavirus in-

fections dictate who succumbs to disease and who remains

asymptomatic. Existing studies of SARS-CoV-1 and MERS-CoV

and ongoing studies of SARS-CoV-2 will likely provide a robust

framework to fulfill that unmet need.
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EEMMAA RISSON
ETUDIANTEE MEDECINE-SCIENCES
3ème ANNEEE DEE DOCTORATT ENN CANCEROLOGIE

emma.risson@gmail.com
06 02 36 55 95

FORMATION

Depuis 
2017

2015-18

Licence & Master Biosciences
Ecole Normale Supérieure de Lyon
Double cursus Médecine-Sciences
Rang Master 2 : 2ème/8

Ecole de l’INSERM Liliane Bettencourt
Formation scientifique précoce
Double cursus Médecine-Sciences
Rang national d’admission : 1ère/60

Premier cycle études médicales
Faculté Médecine Lyon-Est
FGSM2 & FGSM3
Concours PACES : 13ème/2000

2017-19Doctorat en cancérologie - Régulation
de la dormance de cellules de cancer
du sein disséminées dans la moelle
osseuse par TGFB2 et BMP4
CRCL | Université de Lyon | ED BMIC | France
Mount Sinai | New York City | Etats-Unis
Sous la supervision de Véronique Maguer-Satta
& Julio Aguirre-Ghiso
Collaboration internationale : 50% de la thèse
au Mount Sinai Hospital, NYC

Stage M2 Recherche – Rôle
fonctionnel des cellules souches
mésenchymateuses de la moelle
osseuse dans la régulation de la
dormance des cancers solides
Mount Sinai Hospital | USA
Sous la supervision de Julio Aguirre-Ghiso

Stage M1 Recherche – Simulation
d’expérience in silico pour l’inférence
de réseaux de régulation de gènes
LBMC | ENS Lyon | France
Sous la supervision d’Olivier Gandrillon
Programmation Python, SQL, R

Stages Cliniques
Hématologie & Pneumologie médical
Hospices Civils de Lyon | France

2019-2022

Jan-Aout 
2019

Avril-Juin 
2018

PPARCOURSS SCIENTIFIQUEE && MEDICAL

2016-18

OBTENTION FINANCEMENT
International Research Project INSERM
(2022-2027) : rédaction complète du dossier de
financement, 75 000€ obtenu pour la continuation
de la collaboration international initiée par mon
projet de thèse.
Bourse mobilité CLARA (2020)
Bourse mobilité IDEX (2020)
Bourse doctorale Université de Lyon 
(Contrat doctoral, 2019-2022)
Bourse double cursus médecine-sciences 
ENS Lyon (2017-2019)

PUBLICATIONS CONGRES
Risson E, Moindrot L, …, Aguirre-Ghiso JA, Maguer-Satta
V : Control of breast disseminated tumor cell dormancy
in the bone marrow by TGFB2 and BMP4 signaling. In
preparation, 2022

Nobre AR , … , Risson E, …, Aguirre-Ghiso JA : Single-cell
analysis of early disseminated cancer cells identifies
ZFP281 and a mesenchymal-like dormancy program as
a barrier to metastasis. Under review, Nature Cell Biology
2022

Nobre AR, Risson E, …, Aguirre-Ghiso JA : Bone marrow
NG2+/Nestin + mesenchymal stem cells drive DTC
dormancy via TGF- 2. Nature Cancer 2021,
doi:10.1038/s43018-021-00179-8.

Risson E, Nobre AR, Maguer-Satta V, Aguirre-Ghiso JA:
The current paradigm and challenges ahead for the
dormancy of disseminated tumor cells. Nature Cancer
2020, 1:672–680. doi: 10.1038/s43018-020-0088-5

Vabret N., …, Risson E., …, Merad M., Samstein R.M., The
Sinai Immunology Review Project, et al. : Immunology of
COVID-19: Current State of the Science. Immunity 2020,
52:910–941. doi: 10.1016/j.immuni.2020.05.002

Juin 2022. 28ème Congrès European Association for 
Cancer Research. Séville, Espagne – Poster

Mai 2022. 4th Conference on Stem Cell, Development & 
Cancer. Lyon, France – Présentation orale

Février 2022. 5th Symposium Cancer International
Lyon, France – Poster Reporté à Novembre 2022 (COVID)

Décembre 2021. 6ème Congrès GDR 3697 Micronit,
En ligne – Présentation orale

Juin 2021. 28ème Congrès European Association for 
Cancer Research
En ligne – Poster 

Septembre 2020. Congrès Systemic Effects of Metastasis
New York Academy Science – Poster Annulation (COVID)

Mars 2020. Retraite du Département de Biologie du 
Cancer Mount Sinai Hospital – Poster Annulation (COVID)



MEDIATION SCIENTIFIQUE & IMPLICATION
- CovidoErgoSum (2021) : réalisation de vidéos de vulgarisation sur la vaccination anti-
COVID19 à destination du grand public (diffusion sur les réseaux sociaux)
Ex : https://bit.ly/3r9PA4J . Soutien logistique et financier de la Faculté de Médecine Lyon-Est, les
Hospices Civils de Lyon, la Mairie de Lyon et le groupe Apicil. Collaboration avec étudiants de l’école
Emile Cohl pour les animations

- Sinai Immunology Review Projet (2020) : participation à l’évaluation de la qualité des 
articles non vérifiés par les pairs postés sur BioRxiv et MedRxiv afin de faire avancer les 
connaissances scientifiques pendant la pandémie. 
Publication de plus de 10 évaluations d’articles dans BioRxiv et MedRxiv
Publication d’un résumé d’article dans Nature Reviews Immunology (PMID : 32355330)

- Rédaction d’une revue sur la physiopathologie du SARS-CoV-2 (2020) : leader 
étudiante sur la partie «Anticorps monoclonaux» - Département d’immunologie Mount Sinai
Publication dans Immunity, citée plus de 1000 fois (PMID : 32505227)

- Fête de la Science (2018) : animation jeux de société sur la vaccination pour classes de 
primaire-collège

- Chargé du comité d’organisation de la “Journée de la Recherche” (2018) : Faculté de 
Médecine Lyon-Est, ayant pour but de mettre en relation les scientifiques et les médecins pour 
améliorer la prise en charge des patients.
Conférenciers invités :  Alain Fischer, Yehezkel Ben-Ari et Véronique Maguer-Satta

- Élue étudiante au Département de Biologie Humaine 
Université Claude Bernard Lyon 1 (2017)

EXPERTISE
Leadership – Management
- Formation “Managériales” – Université de Lyon 
- Management de 2 ingénieures d’étude – pour 
mon projet de thèse : management d’équipe 
pour l’avancement du projet
- Encadrement de 2 étudiants : BAC+2 et BAC+4
- Formation « Science Policy & Diplomacy » -
New York University

Langues 
- Anglais C2 – 6 mois Angleterre 2006 (CM2, 
association ALLEF)  + 2 ans USA (Master/Thèse)
- Espagnol B2 – 1 an Argentine 2012 (Lycée, 
association AFS)
- Allemand B1

Bioinformatique
Bulk & Single-Cell RNAseq – RStudio et Python 
Logiciels – Inkscape, ImageJ, Prism, Flowjo

Techniques
- Manipulation de la souris : maintien de 
colonies, anesthésie, injections 
intrapéritonéales, injections mammaires
- Cytométrie en flux : analyse et tri cellulaire
- Biologie cellulaire : culture de cellules
tumorales diverses, culture 3D organoïdes
transduction rétrovirale, transfection
- Biologie moléculaire : WB, RT-qPCR
- Microscopie : confocal, épifluorescence

ENGAGEMENT CITOYEN
Bénévole « Médecin du Monde »
sur la mission Maraude & Bus à Lyon (depuis 2021)
Formations « Premiers secours en santé mentale »,  
« Réduction des risques pour usagers de drogues »,  
« Orientation sociale et droits des étrangers en 
France »

Club Alpin Français Lyon Villeurbanne
Commission escalade

Bénévole AFS Vivre sans Frontières
Association pour séjours longs de lycéens à 
l’étranger dans des familles d’accueil (2013-15)
Après séjour d’un an en Argentine (Sampacho, 
Cordoba, 2012-13), j’ai organisé et animé des 
weekends de préparation au départ pour lycéens 

ENSEIGNEMENT
Chargée de TD Biostatistiques - UCBL1  
L2 Science de la Vie  – UCBL1  – 30 élèves (25h, 2022)

Enseignante Biostastiques - MédiPlus
Pour étudiants en PASS – 60 élèves  (36h, 2021/22)

Cours de Lecture Critique d’Articles - EDILB
Pour double cursus médecine/sciences (6h, 2021)

Tutorat MEDEA - Faculté Lyon-Est 
Accompagnement étudiants double cursus (depuis 2017)

Tutrice Biologie Cellulaire - Agora PACES 
Pour étudiants en PACES (2016/17)

Cours particuliers Physique & Biostatistiques
Pour étudiants en PACES (depuis 2016)

Passionnée d’enseignement 
& de mentorat
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