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Abstract

Breast cancer (BC) remains the most common cancer diagnosed in women worldwide.
Advanced BC patients often present osteolytic bone metastases, where colonizing BC cells
in the bone marrow disrupt the normal bone remodeling process and drive extensive bone
degradation. Several epidemiologic observations and pre-clinical studies in the past decade
have highlighted an important contribution of the sympathetic nervous system (SNS) in BC
patient survival and the establishment and exacerbation of bone metastatic foci, in particular
through B2 adrenergic receptor (B2-AR) signaling. The role of this neuro-skeletal axis on the
progression of BC is further emphasized by the extensive sympathetic innervation of the
periosteum and bone marrow, as well as the expression of adrenergic receptors in BC cells
and bone cells.

Nonetheless, the benefits of BC therapeutic interventions targeting sympathetic effectors
are still controversial. Multiple epidemiologic studies have reported no benefits of drugs
targeting the B2-AR on patient survival. Furthermore, most pre-clinical data available is
derived from in vivo experiments, where the identification of the soluble factors and
signaling pathways involved in the sympathetic modulation of the BC bone metastatic niche
is extremely challenging. Novel in vitro models are being proposed, in particular using
microfluidic organ-on-a-chip platforms, to tackle the constraints of standard in vivo models
in the study of BC extravasation and colonization of the bone. However, to our knowledge,
no microfluidic platforms have been designed to address the sympathetic modulation of BC
bone metastasis.

In this thesis, we aimed to identify soluble mediators involved in the crosstalk between BC
and bone cells under sympathetic activation, in particular through B>-AR signaling, at
different stages of disease progression.

To address this issue, we first developed a novel metastasis-on-a-chip microfluidic in vitro
model in order to characterize the mechanisms involved in the sympathetic control of the
BC bone metastatic niche. This platform is able to compartmentalize sympathetic neurons,
BC cells and osteoclasts seeded on bone slices and facilitate intercellular communication
through secreted factors, while preventing direct cell-cell contact between the different cell
types. We provided compelling evidence that a dynamic crosstalk between sympathetic
neurons, osteoclasts and metastatic BC cells is required in order to raise pro-inflammatory
cytokine levels in the BC compartment. Furthermore, the added versatility provided by the
inclusion of Quake valves allowed to dictate the direction of communication between
compartments, and show that crosstalk between osteoclasts and sympathetic neurons is

dispensable for the observed levels of pro-inflammatory cytokines.
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We further characterized the SNS modulation of BC bone metastatic niche through a
combination of clinical data, proteomic profiling and functional studies with primary human
bone cells. We demonstrated that circulating epinephrine levels in BC patients are elevated
in the earlier stages of the disease and are maintained after metastatic spread of BC. In
order to mimic an exacerbation of adrenergic activity in the different stages of BC
progression, we then assessed how pharmacological activation of B>-AR would affect the
proteomic expression profile in primary or metastatic BC in vitro. In primary BC, (2-AR
signaling led to an overexpression of osteoclast inhibitors, which in turn translated in a
robust decrease in human osteoclast differentiation and resorption activity. In contrast, we
showed that paracrine signaling from metastatic BC under B2-AR do not affect osteoclast
resorption. Furthermore, we concluded that the addition of osteoblasts to the model rescued
the osteoclast resorption activity after exposure to the secretome of $.-AR primed primary
BC.

Overall, this thesis presented novel insights on the role of sympathetic signaling in BC bone
metastasis. In particular, we highlight the adrenergic exacerbation in BC patients and the
changes in the proteomic profile of BC after $2-AR signaling at different stages of disease
progression, while using two distinct in vitro models: a novel metastasis-on-a-chip
microfluidic model or pharmacological activation of B2-AR in BC. We also emphasized
different outcomes in osteoclast activity after exposure to paracrine signaling from primary
or metastatic BC cells. Our findings set the basis for future studies on the link between
sympathetic activation and the establishment and progression of BC bone metastasis, and
suggest that therapeutic interventions targeting 2-AR should tackle BC at earlier stages of

disease progression before metastatic spread.
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Resumo

O cancro da mama é atualmente o tipo de cancro mais comum diagnosticado em mulheres.
Pacientes de cancro da mama avancado apresentam frequentemente metéstases
osteoliticas, nas quais as células do cancro da mama colonizam a medula 6ssea e
destabilizam o processo normal de remodelacdo éssea, levando a uma extensa
degradacdo do osso. Na Ultima década, varios estudos epidemiologicos e pré-clinicos
destacaram uma importante contribuicdo do sistema nervoso simpético na taxa de
mortalidade dos pacientes de cancro da mama e no estabelecimento e exacerbagéo de
focos metastaticos no 0sso, em patrticular pela sinalizagéo celular do recetor adrenérgico
B2 (B2-AR). O papel deste eixo neuro-esquelético na progressado do cancro da mama é
ainda mais sublinhado pela extensa inervacdo do periosteo e da medula 0ssea, assim
como pela expressao de recetores adrenérgicos em células de cancro da mama e do 0sso.
N&o obstante, os beneficios de intervencbes terapéuticas que tém como alvo efetores
adrenérgicos sao ainda controversos. Varios estudos epidemioldgicos reportaram a
inexisténcia de beneficios de farmacos inibidores do B2-AR na sobrevivéncia de pacientes
do cancro da mama. Além disso, a maior parte dos dados pré-clinicos disponiveis de
momento é proveniente de experiéncias in vivo, onde a identificacdo de fatores soluveis e
vias de sinalizagdo envolvidas na modulacdo simpética do nicho metastatico ésseo do
cancro da mama é extremamente complexa. Novos modelos in vitro estdo a ser
desenvolvidos para contornar as limitagcbes dos modelos in vivo tradicionais para o estudo
da extravasao e colonizacdo do osso, em particular usando plataformas microfluidicas
organ-on-a-chip. No entanto, no nosso conhecimento, nenhuma plataforma microfluidica
foi ainda desenhada para estudar a modulacao simpatica da metastase 6ssea do cancro
da mama.

Nesta tese, procurdmos identificar mediadores solUveis envolvidos na comunicagéo celular
entre o cancro da mama e as células do 0sso sob ativacdo simpatica, em particular através
do B2-AR, em diferentes estadios da progresséo da doenca.

Para alcancar este objetivo, desenvolvemos um novo modelo in vitro de metastasis-on-a-
chip em plataformas microfluidicas de modo a caracterizar os mecanismos envolvidos no
controlo simpatico do nicho metastatico 6sseo do cancro da mama. Esta plataforma é
capaz de compartimentalizar neurdénios simpaticos, células do cancro da mama e
osteoclastos cultivados em laminas de 0sso, e facilita a comunicacao intercelular através
de fatores secretados enquanto impede o contacto direto entre os diferentes tipos
celulares. Nés fornecemos provas convincentes que demonstram que uma comunicagao
dindmica entre neurdnios simpdéticos, osteoclastos e células de cancro da mama

metastaticas é necessaria para aumentar os niveis de citocinas pré-inflamatérias no
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compartimento do cancro da mama. Adicionalmente, a versatilidade oferecida pela incluséo
de vélvulas Quake permitiu controlar a direcdo de comunicagdo entre compartimentos, e
mostrou que a comunicacao entre osteoclastos e neurdnios simpaticos é dispenséavel para
os niveis de citocinas pré-inflamatorias observados.

Posteriormente, procedemos a caracterizacdo da modula¢éo do nicho metastatico 6sseo
do cancro da mama pelo sistema nervoso simpdtico através de uma combinagéo de dados
clinicos, perfil proteémico e estudos funcionais com células de osso primarias humanas.
Demonstramos que os niveis de epinefrina na circulacdo de pacientes de cancro da mama
primario estdo elevados e sdo mantidos ap6s a propagacdo metastatica da doenca. De
forma a mimetizar uma exacerbacéo de atividade adrenérgica nos diferentes estadios de
progressao do cancro da mama, avalidmos de seguida o efeito da ativacao farmacolégica
do B2-AR no perfil de expresséo protedmica de células de cancro da mama primario ou
metastatico in vitro. Em células de cancro da mama primario, a ativacdo da via de
sinalizagéo B2-AR levou a uma sobreexpresséo de inibidores de osteoclastos, que por sua
vez se traduziu numa reducgéo robusta da diferenciagéo e atividade de reabsorgcdo 6ssea
de osteoclastos. Pelo contrario, mostrdmos que a comunicagdo paracrina de cancro da
mama metastatico apés estimulagao do B.-AR nao afeta a atividade de reabsorgdo do 0sso.
Adicionalmente, concluimos que a adicdo de osteoblastos ao nosso modelo reverteu o0s
niveis de reabsorcdo 0ssea de osteoclastos expostos ao secretoma de cancro da mama
primario sob influéncia de sinalizacéo de (3.-AR.

De modo geral, este trabalho trouxe novas consideragbes no papel da sinalizagédo
simpética na metastase 6ssea do cancro da mama. Em particular, identificamos uma
exacerbacdo adrenérgica em pacientes de cancro da mama assim como mudancas no
perfil protedbmico do cancro da mama ap0s sinalizacdo B>-AR em diferentes estadios de
progressao da doenga, usando dois modelos in vitro distintos: ativagéo farmacolégica do
B2-AR no cancro da mama ou um novo modelo microfluidico de metastasis-on-a-chip.
Também destacdmos resultados distintos na atividade de osteoclastos apos exposicéo a
sinalizagdo paracrina de cancro da mama primario ou metastatico. Estas descobertas
podem servir de base para a investigacao futura dos mecanismos envolvidos no controlo
do sistema nervoso simpatico sobre o estabelecimento e progressao de metastases 6sseas
de cancro da mama, e sugerem que as estratégias terapéuticas com alvo no B2-AR deviam

focar-se na janela de tempo que precede a metéstase.
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Chapter I. Introduction and motivation



1.1. Nervous system and bone

The nervous system is responsible for the control of all physiological functions of the body,
from the regulation of heart rate, breathing, digestion and body temperature, to complex
processes such as memory and cognition®*l. The central nervous system (CNS) is able to
integrate external and internal stimuli and trigger adequate neuronal or neuroendocrine
responses to maintain body homeostasis, via the autonomic branch of the peripheral
nervous system (PNS) or the hypothalamic/pituitary axis (HPA), respectively!? (Figure 1a).
HPA downstream effectors target multiple tissues, including the bonel. Skeletal
homeostasis is important during all stages of development and is maintained through a
tightly regulated bone remodeling process, where old or damaged bone matrix is resorbed
and new mineralized matrix is deposited in a synchronized fashion. The first evidences of
a central regulation of bone remodeling emerged from observations that transgenic mice
lacking leptin (ob/ob mice), a hormone involved in energy metabolism and gonadal function,
displayed high bone mass phenotype, and that intra-cerebro-ventricular (ICV) infusion of
leptin in ob/ob mice reverted this outcome!. Interestingly, central control of bone
remodeling by leptin was later shown through parabiosis experiments to be exerted through
neuronal autonomic pathways and not through hormonal release in the circulation®™. Other
central neuroendocrine mechanisms involved in the regulation of bone remodeling have
since then been described in vivo, highlighting the complexity of the brain-bone crosstalk.
For instance, osteoanabolic stimuli through growth hormonel®, thyroid stimulating
hormone!” and melatonin®, and osteocatabolic signaling such as the Neuropeptide Y (NPY)
pathway®*! and the follicular stimulating hormone!*? act to balance the bone remodeling
process and maintain homeostasis.

Besides neuroendocrine regulation of bone metabolism, signals from the CNS can be
relayed to the bone through nerve terminals from the PNS (Figure 1b). In fact, the bone is
highly innervated with sensory and sympathetic nerve endings in the periosteum and along
blood vessels in the bone marrow!*l, In addition to their role in thermal and mechanical
sensing and pain, sensory neurons are able to modulate bone metabolism through the
release of several neurotransmitters directly in the bone microenvironment. The importance
of sensory neurotransmitters substance P (SP) and calcitonin gene-related peptide (CGRP)
was demonstrated in sensory denervation studies that show a reduction in murine bone

formation and concomitant increase in bone resorption activity in vivol** % Sensory



innervation is also crucial during fracture healing, since mice with altered disrupted sensory

signaling displayed impaired bone biomechanical strength and bone callus maturation!*- 7.,
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Figure 1. Anatomical representation of the nervous system. (a) Functional anatomy of the
nervous system. (b) Anatomical representation of the autonomic nervous system.
Sympathetic and parasympathetic nerves relay information from the central nervous system

to target tissues and organs. Adapted with permission from 8],

Bone cells are not only capable of receiving input from nerve endings but they can also
shape the pattern of innervation by guiding axonal extension and neurite growth. This is
evident during embryonic development and during fracture healing, where extensive
sensorial sprouting towards areas of high osteogenic activity is observed® 29, |n
pathological settings where bone homeostasis is deregulated, such as bone cancer and
osteoporosis, changes in innervation pattern of the bone are common and suggest
alterations in bone neurotrophic signaling?-?%l. Mechanistically, it is widely accepted that
mesenchymal stem cells (MSC), a subpopulation of cells present in the bone marrow,
promote axonal extension through expression of brain derived neurotrophic factor (BDNF)
and nerve growth factor (NGF) 24, Moreover, multinucleated bone resorbing osteoclasts,
cells of the hematopoietic lineage that are usually overactive in osteoporosis and metastatic
breast cancer (BC), are able to promote sensory axonal growth and sensitization through
the expression of netrin-1Y and monocyte chemoattractant protein 1 (MCP1)?%, in addition
to the acidification of their extracellular environment as a result of bone resorption activity!2¢!,
On the other hand, differentiated bone forming osteoblasts of the mesenchymal lineage
were show to repress sensory axonal growth through sonic hedgehog (SHH)?7, highlighting
the contrasting effects of bone forming and bone degrading cells on sensory innervation

during bone remodeling.



1.2. Sympathetic nervous system and bone

1.2.1. Anatomic and molecular characterization of the sympathetic nervous

system

As stated above, the PNS is involved in the relay of information from the CNS to maintain
homeostasis in target peripheral tissues. The PNS is divided in two opposing arms, the
parasympathetic nervous system (PSNS) and the sympathetic nervous system (SNS).
While the PSNS regulates digestive, excretory and reproductive body functions, the SNS is
mainly involved in acute stress responses, being able promote energy mobilization and
change heart and respiratory rates after perceived external and internal stressors/?,
Sympathetic preganglionic neurons extend from the spinal cord towards dorsal root ganglia,
where they synapse with adrenergic postganglionic neurons that in turn innervate most of
the tissues of the body, including the bone®®. Sympathetic neurons are present in the
periosteum, intra-cortical pores and bone marrow, being usually associated with blood
vessels and showing increased density around active bone remodeling surfaces!*3 30,
Sympathetic neurons are characterized by the expression of tyrosine hydroxylase (TH), an
enzyme involved in the production of the main sympathetic neurotransmitters, the
catecholamines norepinephrine (NE) and epinephrine (Epi)®. The first, rate-limiting step of
catecholamine synthesis is the conversion of tyrosine to dihydroxyphenylalanine (L-DOPA)
by TH. L-DOPA is then converted to dopamine through L-aromatic amino acid
decarboxylase. Finally, dopamine is converted to NE by the action of dopamine (-
hydroxylase (DBH) and can then be further processed into Epi through phenylethanolamine
N-methyltransferase (PNMT)!8, NE released by sympathetic neurons or Epi released
systemically by the adrenal gland bind to their endogenous receptors in target cells, the a/B-
adrenoreceptors (a-ARs, B-ARS), and trigger signaling pathways that ultimately lead to the
“fight or flight” response to acute stress®®?-34, Expressed in a multitude of tissues throughout
the body, ARs are a family of transmembrane receptors comprised of nine different
receptors: Gq protein-coupled a1, a1 and aip ARS; G; protein-coupled aza, 02 and dzc ARS;
Gs protein-coupled B1, B2, Bz ARs. After signal transduction in the target cells, the remaining
NE is reuptaken by neurons through the NE transporter (NET) or metabolized by

monoamine oxidase (MAQ) and cathecol-O-methyltransferase (COMT)®8l,
1.2.2. SNS control of bone metabolism

Despite bone forming osteoblasts and bone resorbing multinucleated osteoclasts being the

main players in the process of bone remodeling, they are part of a complex



microenvironment with a multitude of other cells, including neurons, that can also impact
their activity. In fact, osteoblasts-lineage cells and osteoclasts are able to receive and
integrate SNS input, since both cell types express ARs and are also able to uptake and
catabolize NE from their extracellular surroundings®28. Although a-AR expression was
detected in osteoblastsi®¥, B,-AR is the most prevalent AR in both osteoblasts and
osteoclasts® 3. 38 B,-AR stimulation leads to intracellular cyclic adenosine
monophosphate (CAMP) and protein kinase A (PKA) activation, ultimately culminating
transcription factor translocation and target gene expression.

Most of the available data on the consequences of B2-AR signaling on bone remodeling
concerns murine pharmacological and genetic in vitro and in vivo approaches. In vivo, long
term, daily intraperitoneal injection of the 1/B2-AR agonist isoproterenol (ISO) led to a
marked decrease in bone formation rates and bone mass®. Similar findings were observed
after subcutaneous injection of specific 2-AR agonists salbutamol and clenbuterol during
six weeks, where bone mass, mineral density and strength was reduced after treatments®?,
This effect was shown to be mediated in part by elevated levels of osteopontin and
increased osteoclast activity after pharmacological B-AR activation in vivo*Y, The opposite
approach revealed consistent outcomes, since the pharmacological blockage of B-AR
signaling with B1/B.-AR antagonist propranolol led to increased bone mass and mineral
density®. This effect was also observed in ovariectomy-driven bone loss models, where
propranolol together with exercise or intermittent parathyroid hormone (PTH) treatment led
to improvements in bone mass and bone architecture? 43,

Genetic manipulation of B-AR expression helped to elucidate the role of these receptors in
bone remodeling. Mice lacking all three B-AR show an increased vertebral and cortical bone
mass, but also display alterations in body weight that could impact bone mass accrual®.
On the other hand, previous studies showed that germline deletion of B>-AR led to a high
bone mass phenotype and that ICV infusion of leptin did not induce bone loss in these
animals, indicating that SNS signaling is required for the effect of leptin in the modulation of
bone mass*®. Furthermore, this phenotype was mediated by a decreased osteoblast
expression of receptor activator of NF-kB ligand (RANKL), a major regulator of osteoclast
differentiation and bone resorption activity, and consequent inhibition of osteoclast
numbers®l. Furthermore, similarly to the germline deletion of B2-AR, the removal of B.-AR
specifically in osteoblasts led to an increase in bone mass and decreased levels of RANKL,
in an activating transcription factor 4 (ATF4) dependent fashion*¢l.

Mechanistically, in vitro pharmacological stimulation of 3>-AR with NE or ISO increased
murine bone marrow derived osteoclast differentiation and resorption, either by direct
osteoclast stimulation or indirectly through osteoblast RANKL induction in co-culture

experiments*’, The upregulation of RANKL expression seems to be the main outcome of
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B2-AR stimulus in osteoblast-lineage cells, evidenced in bone marrow stromal cells, calvarial
osteoblasts and also in osteocytic MLO-Y4 cell lines, that eventually leads to increased
osteoclastogenesis*®®, On the other hand, the direct effect of ISO on osteoclasts was
shown to be mediated by the generation of reactive oxygen species (ROS) in both murine
bone marrow osteoclasts or RAW?264.7 osteoclast-like cell lines®®. Reports on the effect of
adrenergic stimulus on human osteoclasts are scarce, but human osteoclasts derived from
bone marrow surgical waste of elderly patients were shown to display increased
differentiation and resorption activity after Epi or ISO stimulation®3. Overall, both in vivo and
in vitro studies point to an osteocatabolic effect of adrenergic signaling on physiological
bone remodeling, either through central or peripheral regulation of osteoblast/osteoclast

function.



1.3. SNS and breast cancer

[Review Article]

Sympathetic Activity in Breast Cancer and Metastasis: a partner in

crime

This chapter was based on the following published article:

F. Conceicdo, D.M. Sousa, J. Paredes, M. Lamghari (2021) Sympathetic activity in breast
cancer and metastasis: partners in crime, Bone Research, 9, 9.
(https://doi.org/10.1038/s41413-021-00137-1)



Abstract

The vast majority of advanced breast cancer (BC) patients present skeletal complications
that severely compromise their quality of life. BC cells are characterized by a strong tropism
to the bone niche. After engraftment and colonization on the bone, BC cells interact with
native bone cells to hinder the normal bone remodeling process and establish an osteolytic
“Metastatic Vicious Cycle”. The sympathetic nervous system has emerged in recent years
as an important modulator of BC progression and metastasis, potentiating and accelerating
the onset of the vicious cycle, leading to extensive bone degradation. Furthermore,
sympathetic neurotransmitters and their cognate receptors have been shown to promote
several hallmarks of BC such as proliferation, angiogenesis, immune escape and invasion
of the extracellular matrix.

In this review, we gathered the current knowledge concerning the complex interactions that
take place at the tumor microenvironment, with a special emphasis on the sympathetic
modulation of BC cells and stromal cells. Of note, the differential action of epinephrine and
norepinephrine, either through ao/B-Adrenergic Receptors, on BC progression prompts
careful consideration when designing new therapeutic options. In addition, the contribution
of sympathetic innervation to the formation of bone metastatic foci is also highlighted.
Particularly, the remarkable ability of the adrenergic signaling to condition the native bone
remodeling process and modulate the bone vasculature driving BC cell engraftment in the
bone niche. Finally, clinical perspectives and developments on the use of B-Adrenergic
Receptor inhibitors for BC management and treatment are also discussed.

Keywords

Adrenergic Receptor, Beta-Blocker, Bone metastasis, Breast Cancer, Sympathetic

nervous system.



1.3.1. Introduction

Under physiological conditions, the Sympathetic Nervous System (SNS) is involved in the
so called “fight-or-flight” response to acute stress. Upon perceiving threats to internal
homeostasis, the SNS acts on multiple molecular and cellular processes throughout the
body that will ensure a coordinated adaptive response to different stressors. Physical
mobility is boosted through the increase of heart and respiratory rate, as well as energy
mobilization from the adipose tissue and liver®? %31, On the other hand, anabolic processes
such as digestion, gastrointestinal motility and reproduction are hampered®4 53 541,
Sympathetic signaling is mainly achieved through the peripheral release of Norepinephrine
(NE) by sympathetic nerve terminals or systemic release of Epinephrine (Epi) into the
circulation by the adrenal gland. These catecholamines are the endogenous ligands of a/
Adrenoreceptors (a-AR, B-AR), with widespread expression in a multitude of cell types and
tissues!®? 33.51. 551 This family of receptors is composed of a total of nine G protein-coupled
receptors (GPCRs): Gq-coupled a1A, aiB and a:D ARs; Gi-coupled a2A, a-B and a,C ARS;
and finally, Gs-coupled B1, B2 and Bs ARs.

BC is still a major socioeconomic issue, being the leading cause of cancer-specific death of
women in 2018 (https://gco.iarc.fr/today/home). It is a highly heterogeneous disease,
usually being characterized by Estrogen receptor (ER), Progesterone receptor (PR) and
Epidermal Growth Factor Receptor 2 (HER2) status of the primary tumor. Advances in
diagnostic and adjuvant therapies have improved the life expectancy of BC patients, but
this condition remains incurable in later stages of disease progression®®. Surgery and
radiation therapy are gold standards for the treatment of early stage BC, as well as hormone
therapy and HER2 targeting antibody trastuzumab for HER2 positive cancers. Systemic
administration of hormone therapy, targeted therapy, chemotherapy or a combination of
these is usually the preferred treatment route in late stage metastatic BC. Nonetheless, the
5-year survival rate of women diagnosed with distant metastasis is 27%
(https://www.cancer.org/cancer/breast-cancer). These treatments are still ineffective and
commonly associated to toxic side effects, and therefore there is still a need for improved
therapeutic options. A better understanding of the pathological processes through which BC
thrives in the host is of paramount importance to uncover new therapeutic targets.

In the past decade, the physiological mechanisms that govern the response to stress have
emerged as a potential therapeutic target in BC due to several epidemiologic and pre-
clinical studies®’%%, In particular, the action of NE and Epi on their cognate receptors has
raised important considerations regarding their role on BC progression, analogously to what

is observed in other bone tropic cancers such as the prostate cancer®-¢4, However, the



adrenergic regulation of the multiple cellular processes that drive BC still remains a matter
of intense debate.

In this review, we will discuss the current knowledge found in the literature concerning
preclinical and clinical data on SNS modulation of BC. Most metastatic BC patients present
severe skeletal complications such as hypercalcemia, pain and increased incidence of
fractures®!, Therefore, insights on the sympathetic regulation of bone metastatic disease

will be also discussed in the following sections.
1.3.2. BC and the SNS: a complex picture

Adrenoreceptors (ARs) have been reported to be expressed in a wide range of BC cell lines
(Table 1), as well as in tumor samples of BC patients®¢-68. AR overexpression, particularly
B2-AR, was correlated with poor prognosis of ER- BC patients in a recent study by Kurozumi
et al%® where immune biomarkers, such as the grade of tumor-infiltrating lymphocytes and
programmed death ligand 1 (PD-L1) expression, were shown to be significantly reduced in
these patients. Another report by Liu et al’®® demonstrated that B,-AR level was correlated
with lower disease-free survival and higher lymph node metastasis in a small cohort of
HER2* BC patients. Both these studies point to a putative role of B2-AR in BC pathology,
but scrutinizing the mechanisms by which it promotes disease progression is still a complex
exercise. In this section, we will gather the available data regarding the effect of multiple
ARs on BC, from primary tumor proliferation and survival to Extracellular Matrix (ECM)

invasion and entrance into systemic circulation.

Table I. AR expression on human BC cell lines

Cell Line Molecular Subtype AR expressed Reference
T47D Luminal A (ER*, PR*, HER2) az2a-AR, azs-AR, azc-AR [69]
MCF7 Luminal A (ER*, PR, HER2)  a1-AR, az8-AR, 02c-AR, B1-AR, B2-AR  [66.70-72]
ZR-75 Luminal A (ER*, PR*, HER2) B1-AR, B2-AR (7ol
BT474 Luminal B (ER*, PR*, HER2") B2-AR (661
SKBR3 HER2 (ER", PR’, HER2") B2-AR [66]

MDA-MB-453 HER2 (ER", PR’, HER2") B2-AR [70]
MDA-MB-231 Basal (ER", PR, HER2) B2-AR 58, 72-74]
MDA-MB-468 Basal (ER", PR, HER2) B1-AR, B2-AR [70,73]

HS578T Basal (ER", PR, HER2) aza-AR (2]

1.3.2.1. Proliferation and survival

Cancer cell proliferation and inhibition of apoptosis are crucial hallmarks of cancer!™.

Adrenergic signaling has been implicated in several apoptosis pathways and it has been
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previously suggested that endogenous catecholamines directly exert pro-survival effects on
BC cells’®78 (Figure 2, 3). Epi was described as an antiapoptotic stimulus in human BCcells
in vitro, inactivating the proapoptotic protein BAD through phosphorylation in a PKA-
dependent fashionl’”l. Furthermore, another in vitro experiment by Reeder and colleagues
have shown that NE and Epi decrease the efficacy of commonly used drugs targeting
proliferating cells, such as paclitaxel, since these catecholamines arrest MDA-MB-231 BC
cells in G1 phase, slowing down the cell cyclel’®. These results are consistent with evidence
from other in vitro studies that show that B.-AR agonists hamper triple-negative BC cell
proliferation and DNA synthesis!’® 7 1 Strikingly, low concentrations of Epi increased
MCF7 and MDA-MB-231 cell proliferation, while $2-AR agonist ISO decreased proliferation
in both cell lines®, These findings could be explained by the fact that Epi was shown to
differentially bind to distinct ARs depending on its concentration, with greater affinity to a.-
AR in nM concentrations, while shifting to B2-AR binding at uM concentrations[’®l. Moreover,
the increase in proliferation evoked by low concentrations of Epi was abrogated by the
addition of the a,-AR antagonist rauwolscine "8, Exciting questions remain, such as the
impact of fluctuations in Epi or NE levels in the tumor microenvironment for BC progression,
and how the translation of that knowledge to a clinical setting can be made. There are
already recent in vivo evidence that shed some light on the impact of circulating Epi on
tumor growth, where Walker and colleagues have shown that adrenal denervation and

inhibition of Epi release does not impact disease progression(®Y,
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Figure 2. Sympathetic control of BC progression. NE released from sympathetic neurons
closely associated with blood vessels, as well as Epi that diffuses from the circulation,
modulate several important hallmarks of BC such as survival, angiogenesis, immune
surveillance escape, ECM remodeling and invasion. NE, norepinephrine; Epi, epinephrine;
TAM, tumor-associated macrophage; ECM, extracellular matrix.

Some observations from in vivo studies point to a negligible effect of 3-ARs on primary
tumor growth, since 1SO stimulation of orthotopic BC tumors did not change primary tumor
proliferation compared to vehicle controlsf®® 76 82.831_|t is unclear whether these results are
due to the direct action of 32-AR on tumor cell proliferation, or if tumor growth is inhibited by
other cell types in the stroma, or even by a combination of direct and indirect effects.
Another study, using human xenografts in immunocompromised mice, reported an
increased ER*/PR* BC tumor growth after inoculation with a,-AR agonist clonidinef®.
Tumor growth was accompanied by a similar increase in proliferation of tumor associated
fibroblasts, and thus an indirect effect of a;-AR agonism through the tumor
microenvironment cannot be ruled out®4, It is also intriguing that Thaker and colleagues
reported an increase in MDA-MB-231 tumor growth after chronic stress induction in an
orthotopic BC model®, contrasting with the studies previously discussed. Of note,
pharmacological B-AR activation seems to inhibit primary tumor growth®® 761 while
endogenous chronic stress either causes negligible effects or increases tumor growth(®2 83
887 This raises important questions such as the possible existence of compensatory
mechanisms exerted by other ARs when endogenous stress models are used, since Epi
and NE can stimulate both a-ARs and B-ARs. In fact, a,-AR antagonists were shown to
counteract the increase in tumor growth evoked by restraint stressi®. Lamkin and
colleagues also showed that a>-AR blockade, in the absence of chronic stress, recapitulates
the tumor growth observed when the SNS was endogenously activated®®, adding another
layer of complexity to the impact of the SNS signaling on BC. This observation probably
stems from the fact that pre-synaptic a.-ARs in peripheral SNS neurons provide a negative
feedback loop to control NE release from neuronal terminals®®l. Thus, blockage of a.-ARs,
in the absence of chronic stress, will boost the release of NE in the tumor microenvironment,

mirroring the endogenous activation of the SNS.
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Figure 3. Adrenergic receptor downstream signaling. B2-AR activation triggers several

downstream signaling pathways, mediated by an increase in intracellular cAMP, leading to
Ca2+ release, apoptosis inhibition through phosphorylation of BAD, and cytoskeletal
rearrangement. 2-ARs are quickly desensitized by B-arrestins after ligand binding and
signal transduction. Alternatively, a1-AR stimulation has also been described to promote
invasive phenotypes through PKC-mediated signaling pathways. NE, norepinephrine;

TAM, tumor-associated macrophage; ECM, extracellular matrix

1.3.2.2. Angiogenesis

As breast tumors proliferate and grow, the need for nutrients and oxygen rises concordantly.
These needs are met by the sprouting of new blood vessels that give rise to a network of
often aberrant vasculature in the tumor microenvironment®. The SNS has been emerging
as an important player in neo-angiogenesis, since it has been already shown that
sympathetic outflow can induce the secretion of proangiogenic factors by BC cells, namely
the vascular endothelial growth factor (VEGF)2 %0-92 |n addition, direct cell-cell contact
between BC cells and endothelial cells leads to increased capillary structures in vitro, a
result markedly potentiated by the addition of NEPY. This effect was proven to be mediated
by the B2-AR/PKA/mMTOR pathway and by the upregulation of Notch ligand Jagged-1,
directly augmenting Notch signaling in endothelial cells®!. Interestingly, there seems to be

a cell specific response to B>-AR agonists in terms of VEGF expression, not entirely due to
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differential B>-AR expression®. B,-AR agonists increased VEGF production in a brain tropic
variant of MDA-MB-231 cell line in vitro, but not on the parental cell line or in low (.-AR
expressing cells, such as MCF7 cells®®. Distinct targets of downstream effectors of the .-
AR/PKA pathway in the different cell lines might explain the disparity in terms of angiogenic
responses.

Other players have recently been suggested to be involved in the sympathetic regulation of
tumor angiogenesis. Activation of Peroxisome proliferator-activated receptor y (PPARY)
markedly decreased VEGF expression from 4T1 murine BC cells in vitro and NE was shown
to inhibit PPARYy expression in these cells®. This inhibition was abrogated by the addition
of ICI1118551 pointing towards a B.-AR mediated effect®.

In addition to in vitro data previously discussed, there is growing evidence gathered from
several in vivo studies showing that chronic stress modulates neo-angiogenesis and BC
lymph vasculature. Chronic restraint stress, as a model of endogenous SNS activation,
increased VEGFC secretion from MDA-MB-231 orthotopic tumors in immunocompromised
mice, as well as from 66c¢l4 tumors in immunocompetent mice, leading to increased tumor
lymphatic vessel density®®?. This effect was recapitulated or abrogated by ISO and
propranolol treatment, respectively, hinting towards a B-AR specific signaling pathway!®?.
Stress-induced production of VEGF in 66cl4 murine BC primary tumors, and consequent
increase in vascularization, was also described®. Increased tumor vasculature was also
suggested to be an additional route of cancer cell escapel®? 8% (Figure 2), facilitating

metastasis as will be discussed in following sections.
1.3.2.3. Immune System Modulation

The crosstalk between the SNS and the immune system in the regulation of inflammation
is already recognized. Dendritic cells and monocytes express both a-AR and B-ARs
subtypes, and adrenergic activation in these cells leads to the downregulation of Tumor
Necrosis Factor a (TNF-a), IL-1 and IL-6, resulting in the promotion of an
immunosuppressive phenotype®l. The effect of the SNS on the different immune cell
populations in the context of inflammation and hematopoiesis has been already previously
reviewed®4,

Among the several cellular components of the tumor microenvironment that are affected by
SNS catecholamines, tumor-associated macrophages (TAM) are crucial for cancer
progression. SNS signaling prompts BC cells to secrete pro-inflammatory cytokines, such
as IL-61°9 and M-CSF®, which can enhance the recruitment and infiltration of macrophages
into the primary tumor (Figure 2). On the other hand, macrophage [B.-AR activation
increases the expression of cancer progression promoting factors in vivo, such as
Transforming Growth Factor B (TGF-B), matrix metalloproteinase (MMP) 9, VEGF and
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cyclooxygenase-2 (COX2), Macrophage expression of COX2, and consequent secretion
of prostaglandin E2 (PGEZ2), further drives the production of VEGFC by cancer cells to
induce lymphangiogenesis!®?. In addition, peripheral sympathetic nerve ablation, using 6-
Hydroxydopamine in an orthotopic BC model, led to the inhibition of TAM recruitment and
to a decrease in tumor IL-6 levels!®,

Upon chronic stress induction in syngeneic BC mouse models, TAMs are mostly primed
towards an immunosuppressive M2 phenotype: genes such as Arginase-1 and IL-10 are
overexpressed, while conversely M1 phenotype characteristic genes are downregulated®®
%I In addition, Bucsek and colleagues reported a significant decrease of tumor infiltrating
effector cytotoxic CD8" T cells upon B-AR activation and a concomitant 4T1 BC tumor
growth®, Immunosuppressive CD4* Treg cells and spleen myeloid-derived suppressor
cells were also elevated in stressed micel®’l.

Furthermore, and in agreement with the reports discussed so far, Kamiya and colleagues
elegantly illustrated the influence of tumor sympathetic innervation on immune checkpoint
expression and cancer progressiont®’l, Using a viral vector-based tool, the authors were
able to specifically denervate the tumor stroma without affecting surrounding tissues®”.. The
subsequent decrease in tumor NE content abrogated tumor growth and metastatic spread.
Moreover, sympathetic denervation downregulated immune checkpoint molecules, such as
programmed death 1 (PD-1) from (.-AR expressing CD4* and CD8* tumor infiltrating
lymphocytes. The authors have observed the same outcomes in chemically induced and
spontaneous BC models, and reported a correlation between the density of sympathetic
fibers, PD-1 expression and tumor recurrence in a small cohort of human BC patients®7.,
These observations reinforce the hypothesis that SNS driven immunosuppression, and

subsequent evasion to the immune surveillance, play an important role in BC progression.

1.3.2.4. Extracellular Matrix Invasion

As the disease progresses, a cascade of cellular events triggers the ability of BC cells to
remodel and invade adjacent tissues, eventually escaping into circulation through
intravasation in blood or Ilymphatic vessels®. Crosstalk between the tumor
microenvironment and BC cells is crucial for the acquisition of invasive features, and the
SNS has been directly linked to the process of epithelial and mesenchymal transition
(EMT)!9,

Adrenergic signaling, namely through B.-AR, was shown to directly modulate several
cellular processes in BC cell lines. 1ISO stimulation led to an increased invasive capacity of

highly metastatic MDA-MB-231 cells in vitro, and this effect was B»-AR specific .
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Interestingly, overexpression of 3>-AR in MCF7 cells resulted in augmented invadopodia
number and invasive capacity after incubation with 1SO®°.,

The molecular mechanisms that govern this adrenergic response have been starting to be
elucidated in recent years. Stimulation of B»>-AR in vitro causes the accumulation of
intracellular cAMP through Gqs / Adenylyl cyclase pathway and consequent
dephosphorylation of ERK1/2"4. This increase in cAMP activates PKA and exchange
protein directly activated by cAMP (EPAC) leading to increased mobilization of Ca?* in a
feedforward loop that will ultimately drive cell invasion mechanismst" (Figure 2). In other in
vitro studies, B2-AR activation led to an increased motility and invasiveness of MDA-MB-
231 cells, partly through changes in actin remodeling and contractility and increased plasma
membrane protrusions*® 19U |nterestingly, B-AR agonist ISO reduced the number of focal
adhesions while increasing the number of invadopodia, favoring motility in three-
dimensional spaces but not on two-dimensional surfaces*°,

Although most of the available data in the literature concerns experiments with the B2-AR
and MDA-MB-231 cells, other cell lines and ARs should not be overlooked. Dezong and
colleagues reported that proto-oncogene tyrosine-protein kinase Src mediated invasion and
migration was modulated by different ARs in MDA-MB-231 and MCF7 cell lines in vitro, 32-
AR and a;-ARs respectively!. Src was targeted for phosphorylation by different signaling
pathways, i.e., PKA in MDA-MB-231 and PKC in MCF7 cells’. This data might explain the
seemingly contradictory results observed in previous studies, where MCF7 cells were
described to decrease their migration capacity upon ISO stimulation, a B-AR agonist®’. The
same study reported a decrease in MDA-MB-231 cell migration after ISO stimulation®?,
which could be due to the fact that a parental MDA-MB-231 cell line was used instead of
the highly metastatic variants of MDA-MB-231(74: 100, 101]

In addition to direct effects of NE on BC cells, stimulation of tumor stromal a-AR was
reported to promote BC progression and invasion. Pharmacological activation of a»-AR, but
not of a:;-AR nor B-AR, increased the rate of metastasis in a syngeneic orthotopic BC
model*®?l, These changes were correlated with altered collagen structure and were cancer-
cell independent, since the cell line used did not respond to NE in vitrol*%?l, Nevertheless,
no insights were provided on the stromal players targeted by a>-AR agonists that are
involved in collagen remodeling.

As could be appreciated by the gathered information from the previous studies, the interplay
between BC and the SNS is extremely complex. Therefore, it is clear that the knowledge
concerning the combination of a-AR and B-AR signaling on cancer progression, as well as
on the distinct cellular players of the tumor microenvironment, is still scarce. Therefore,
careful consideration should be enforced when designing experiments and therapeutic

interventions.
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1.3.3. BC Metastasis and the Bone Niche

After escaping into the vasculature, BC cells disseminate and egress towards distant organs
in a complex multistep process that is not yet fully elucidated. BC exhibits specific tropism
towards organs such as lung, brain, liver and bone, and there are indications that this
tropism is associated with BC receptor statusi®®, Luminal A/B tumors are the most
prevalent type in BC patients and they mostly metastasize to the bonel*®+ 051 | uminal A/B
bone metastases are typically indolent in the first years of follow up, and patients presenting
only bone metastases have higher overall survival rates than patients presenting metastasis
in other distant sites*%+ 1051 Nevertheless, around 70% of all late stage BC patients exhibit
bone metastatic foci leading to severe complications such as hypercalcemia, pain and bone
fractures!*®3 196 Metastatic foci are found mostly in long bones, ribs, pelvis and vertebrae,
which contain abundant marrow and provide an immune context favorable for cancer cell
survival, the bone marrow microenvironment being crucial for the maintenance of the
hematopoietic stem cell nichel*”]. In addition, bone stromal cells secrete a combination of
cytokines and growth factors that favor BC cell homing, survival and proliferation!*?®l, BC
cells establish close interactions with bone cells, namely osteoclasts and osteoblast-lineage
cells, and the SNS can potentiate this crosstalk.

1.3.3.1. The Metastatic Vicious Cycle

The skeletal system plays a critical role in all stages of human development. The skeleton
is responsible for locomotion, it is the preferential site for hematopoiesis, regulates mineral
homeostasis and protects vital organs, such as brain, heart and lungs. It is, therefore, crucial
to maintain skeletal structural integrity and function throughout life. This is achieved mainly
through a highly dynamic bone remodeling process, where the bone matrix is degraded and
subsequently replaced by new mineralized bone in a coordinated fashion. Osteoclasts are
specialized multinucleated cells of the hematopoietic lineage that are able to demineralize
and resorb the bone matrix using a combination of secreted enzymes, such as Cathepsin
K (CATK)1% and Tartrate Resistant Acid Phosphatase (TRAcP)®., During resorption,
factors secreted from osteoclasts and by-products of bone matrix degradation recruit
precursors of bone forming cells, coupling between bone resorption and bone formation.
These precursors of a mesenchymal lineage differentiate into mature osteoblasts, which
are then responsible for the deposition of high amounts of ECM proteins and mineralize
them, Osteoblasts can then entomb themselves in the matrix they produce and become
osteocytes. These cells make up for more than 90% of the cells present on cortical bone

and have long extensions, creating an interconnecting network between osteocytes

17



themselves and cells in the bone marrow*!?. Osteocytes are thought to have an
endocrinel!®® and mechanosensitive rolel!** 113 in the bone, participating in the complex
adaptations to internal and external stimuli.

BC often leads to highly osteolytic bone metastases, where cancer cells exploit the normal
bone remodeling process and shift the balance towards increased bone resorption.
Parathyroid hormone related protein (PTHrP), MMPs and PGE2 are some of the factors
released by tumor cells that modulate the expression of Receptor activator of NF-kB ligand
(RANKL) by osteoblasts, the latter being a master regulator of osteoclast differentiation!*¢:
117 Increased RANKL production by osteoblasts and osteocytes will in turn boost osteoclast
differentiation and activity, leading to extensive bone degradation. On the other hand, bone
matrix embedded factors, such as transforming growth factor-B (TGF-B), insulin growth
factor (IGF) and platelet derived growth factor (PDGF) released during resorption, among
others, will further stimulate tumor growth and perpetuate a “vicious cycle” of bone
destruction!**®l, Biphosphonates and denosumab (a RANKL human monoclonal antibody)
are commonly used as adjuvant therapy for the treatment of metastatic bone disease, in
order to normalize osteoclastic activity levels!!'®. However, although these treatments
alleviate skeletal related symptoms, new and more effective therapeutic targets are needed
to hamper the establishment of the vicious cycle.

1.3.3.2. The SNS and bone metastatic disease

Bones are highly innervated organs, with high density of sensory and sympathetic nerve
fibers in the periosteum and along blood vessels in the bone marrow?°, A physical and
functional association of nerve fibers and bone cells is to be expected?’, since nerve fiber
density is usually higher near elevated bone turnover surfaces.

Although cells of osteoblast and osteoclast lineages were reported to express a-AR mMRNA,
their relative expression compared to the B-AR subtype is very reduced®® 121 1221 B,-AR,
but not B1-AR and Bs-AR, is widely found in primary osteoclasts and osteoclastic cell lines®>
51 as well as in osteoblast lineage cells® 3¢ 38 B,-AR is fully functional in bone cells, since
B2-AR agonism triggers an increase in intracellular cAMP in vitro®. Interestingly, cells of the
osteoblast lineage also express Monoamine Oxidase (MAO)a and MAOBH", as well as the
NE transporter (NET)B", thus being able to intake and catabolize NE from the external
milieu.

B-AR activation in bone triggers osteoclastic differentiation, diminished bone formation and
consequent bone loss (reviewed in 18), mostly due to an increase in RANKL production by
osteoblast lineage cells in vivo® 49 (Figure 4). Similarly, B>-AR agonism was reported to
increase RANKL production by osteocytic MLO-Y4 cell line in vitro, and consequently

induce the differentiation of RAW264.7 osteoclastic cell line in co-culture experiments,
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Although osteocytes have received increasing attention in the past years regarding their
role on the modulation of BC progressioni*2®12¢l data on the action of adrenergic signaling
pathways on osteocytes in this context is still scarce. Osteocytes express B2-AR and, being
the most common cell type in the bone, the importance of their putative crosstalk with the
SNS on BCshould not be overlooked. Regardless, SNS activation of osteoblast-lineage
cells seems to further potentiate the establishment of a metastatic vicious cycle upon BC
bone metastatic colonization.

Campbell and colleagues have made important contributions to this field of research. Using
a mouse model of bone metastasis, by intracardiac injection of bone-tropic MDA-MB-231
cells, the authors have shown that adrenergic stimulation of the bone stroma potentiated
the establishment of the metastatic vicious cycle®. Chronic immobilization stress, as a
model of endogenous sympathetic activity, was used to demonstrate that augmented
catecholamine levels led to larger osteolytic lesions, an effect mediated by B.-ARPE
Moreover, 1SO inoculation, before injection of BC cells, increased tumor foci and lesion
number in the bone, suggesting that sympathetic triggering at the bone microenvironment
facilitated BC cell engraftment. The authors suggested that this effect was partially due to
RANKL signaling and its chemotactic action on MDA-MB-231 cells8l,

\
)
TGFp PTHP
IGF P
N PDGF ( \ p
N
-—

\ig ~ Breast Cancer Cell « Osteoblast Q Blood Vessel

(358 Osteoclast . BMSC *  Sympathetic Neuron
Osteocyte ® NE WV RANKL

Figure 4. The bone metastatic niche and the metastatic vicious cycle. Once engrafted in
the bone, BC cells secrete pro-osteoclastic factors such as PTHrP, PGE2, and MMPs,
which induce the expression of RANKL by osteoblasts and osteocytes, promoting

osteoclast differentiation and activity. In turn, factors released from the bone matrix enhance
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the growth of cancer cells, establishing a metastatic vicious cycle that leads to extensive

bone degradation. NE, norepinephrine; BMSC, bone marrow stromal cell.

In addition to augmented RANKL signaling, adrenergic stimulus promoted BC extravasation
and retention in the bone through the modulation of the bone vasculature. Nude mice
subjected to either chronic immobilization stress or 1SO inoculation showed increased
VEGF-A expression by bone marrow stromal cells (BMSCs), and consequent angiogenesis,
which resulted in the promotion of BC colonization™?”. Furthermore, incubation of BMSCs
with 1SO led to the release of IL-1B, which in turn activated endothelial cell E/P-selectin
expression and enabled BC adhesion and retention in vitro*?! (Figure 5).

Interestingly, the interplay between the SNS and BC in the bone metastatic niche is not
unidirectional. Not only is the SNS capable of inducing BC cell engraftment and proliferation
through RANKL and VEGF-A signaling but, conversely, BC may also be able to regulate
AR dynamics in the bone niche. BC secreted PTHrP is a well-known modulator of bone
turnover in the metastatic niche (reviewed ini*?°l). PTHrP binds to PTH receptor 1 (PTHR1)
expressed in osteoblasts and upregulates RANKL expression to promote
osteoclastogenesis, driving the metastatic vicious cycle!*3,
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Figure 5. BC cell extravasation into the bone niche. NE stimulation of stromal B2-AR is
associated with an increased release of VEGF and IL-1B3, which leads to augmented
angiogenesis and expression of P- and E-selectins in endothelial cells. The latter event

promotes BC cell extravasation from the circulation into the bone marrow.

Interestingly, PTHR1, B>-AR and their respective downstream pathways in osteoblastic cells

seem to be intimately connected. Using germline B>-AR knockout mice, Hanyu et al
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demonstrated that 3,-AR expression is required for the osteoanabolic effect of PTH and that
B2>-AR modulates the expression of PTHR1 target genes in osteoblasts such as RANKL,
alkaline phosphatase, bone sialoprotein and osteoprotegerin (a RANKL decoy receptor)*31,
On the other hand, PTH was shown to directly downregulate B>-AR expression in
osteoblast-like MC3T3-E1 cells in vitro™®, This interdependency might be explained by
common intracellular downstream effectors that are triggered by their respective ligand
binding. Both PTHR1 and (3,-AR are GPCRs that signal through the adenylyl cyclase/PKA
axis and promote the phosphorylation of cAMP-response element binding protein to induce
transcription of target genes!**2. Furthermore, after ligand binding, both receptors are
rapidly desensitized through B-arrestin and B-Adrenergic Kinase 1 dependent pathways!*3*
1351 which can also act as protein scaffolds that subsequently lead to the activation of
mitogen-activated protein kinase ERK1/2 and several other effector molecules*3®l.
However, while these interactions were described to occur between PTHR1 and B2-AR in
the context of intermittent PTH treatment, it is still unknown whether BCsecreted PTHrP can
elicit the same response in the context of bone metastatic disease. While PTHrP and PTH
share the same receptor, there are several described non-canonical pathways for the action
of PTHrP whose importance is still poorly understood®??., Therefore, more data on the
interplay between PTHrP and B»-AR in BC bone metastasis is urgently required, since it
could change our understanding on the dynamics of 3,-AR expression in bone throughout
the progression of the disease and facilitate the design of new, more effective therapeutic
options.

1.3.4. BC and Beta-Blockers: Clinical Perspective

Although the pre-clinical data is extremely valuable for the understanding of the several
processes that rule BC progression and metastatic spread, it is crucial to translate the
results into a clinical setting. In the past decade, increasing attention has been paid to the
effect of sympathetic activity on BC patient survival and breast cancer recurrence®” 171, In
this section, we will review the published epidemiologic and clinical data on the effect of
several B-AR antagonists (henceforth called Beta-Blockers) on BC and discuss the
limitations associated to the interpretation of the reported results.

Epidemiologic studies have previously suggested that cancer patients subjected to high
levels of psychosocial stress usually have poorer prognosis and survivali*®®l. SNS targeting
Beta-Blockers are thus potential therapeutic options for the treatment of cancer and are
already widely used in other pathological settings, such as the treatment of asthma and

hypertension(*3: 4% The safety profile of these drugs is well described and they are not
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associated with increased incidence of BC, as evidenced by previous epidemiologic
studies!t4 142],

A proof-of-principle study performed by Powe et al analyzed the effect of Beta-blocker
prescription prior to BC diagnosis on patient survival®’l. A reduction in tumor recurrence,
incidence of metastasis and increased patient survival rates was reported in the Beta-
blocker treated group, with no significant differences in tumor stage, size, grade and
vascular invasion between treated and placebo groups.

Nonetheless, the population size of the study is relatively small and no distinction between
the type of Beta-Blockers used was included in the analysis®’l. Atenolol and Bisoprolol are
Bi-AR specific, while Propranolol and Timolol are non-specific Bi2-AR antagonists;
therefore, the contributions of the different ARs to the reported results cannot be pinpointed.
In fact, another population-based study by Barron et al has shown a beneficial effect of
Propranolol, but not Atenolol, on BC metastasis and patient survivall**3l, Interestingly,
Melhem-Bertrand et al reported a beneficial effect of $1-AR targeting drugs Metoprolol and
Atenolol on Triple Negative BC (TNBC) recurrence but not on ER positive BC, highlighting
the importance of BC receptor status on the response to Beta-blockers**4. Thus, it is still
unclear which receptors are the main contributors for the reported beneficial effects of Beta-
blockers on BC recurrence and a matter of intense debate. Nevertheless, we can
hypothesize that a broader acting Beta-Blocker, such as Propranolol, could be even more
advantageous than specific Beta-Blockers to manage BC recurrence and metastasis.
Several studies have suggested that Beta-Blocker usage could be explored as an adjuvant
therapy in BC treatment®” 82 143-1471 However, these have some limitations, such as the
retrospective design, population size, difficulties in the assessment of Beta-blocker
treatment duration and compliance, and also lack of access to comorbidity and other
medication data. Other retrospective studies reported no correlation between Beta-Blocker
usage and reduced breast-cancer specific mortality or recurrencel*¥”: 148150 " and thus the
benefits of these drugs remain controversial (for more detalils, refer to Table Il). Randomized
clinical trials are warranted in order to assess the clinical relevance of Beta-Blockers for BC
treatment.

To our knowledge, the only results from Phase Il placebo-controlled clinical trials published
to date address the effect of perioperative propranolol administration on several metastatic
biomarkers in early BC patients. Zhou and colleagues reported a decreased
immunosuppression after propranolol administration in BC perioperative period, when
compared to placebo controlsi*5Y. Propranolol was also shown to block patient derived
regulatory T cell proliferation*5Y, Shaashual*®d and Haldar!*>® reported a reduction of EMT
related gene expression in the resected primary tumors from patients subjected to

simultaneous administration of Propranolol and the COX-2 inhibitor etodolac. The resected
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tumor also showed reduced expression of pro-metastatic, anti-apoptotic and proliferation
markers, as well as increased infiltration of B-cells and decreased presence of TAMs.
Propranolol and COX-2 treated patients also presented reduced levels of circulating
inflammatory cytokines, IFNy and IL-6, and increased levels of NK cell activation during
treatment(*®2, Another randomized clinical trial by Hiller et al has shown similar results with
the administration of Propranolol for one week before surgical resection of the primary BC
tumor®®4, In this study, patients under Propranolol usage before surgery have shown
reduced EMT gene expression and increased infiltration of dendritic cells and M1
macrophage polarization in the resected tumor, when compared to placebo-treated
controls. Interestingly, patients clinically non-responsive to Propranolol (i.e. no significant
reduction in blood pressure and heart rate after Beta-blockade) also showed decreased
tumor EMT gene expression, although the immune cell infiltration in the primary tumor
changed compared to clinically responsive patientsi*>!. These clinical trials pointed to a
possible beneficial effect of Propranolol on reducing the metastatic potential of BC primary
tumors. Nevertheless, adequately powered clinical trials with focus on overall survival and

cancer recurrence are still needed before Propranolol can be used for BC treatment.

23



Table Il. Summary of epidemiologic studies regarding the influence of B-blockers on BC outcome

Treated Group B-Blocker Improved patient Reduced Incidence of
. . ) . . Reduced Tumour Recurrence (HR; Cl) . Reference
Size / Total Size Used (Population Size) survival (HR; Cl) Metastasis (HR; CI)
Atenolol (25)
Propranolol (7) Yes (0.291; 0.119-
43/ 466 . Yes (-) Yes (0.430; 0.200-0.926) 571
Bisoprolol (7) 0.715)
Timolol (4)
Atenolol (525)
595 /4738 Yes (0.19; 0.06-0.60) N.D. Yes (-) [143]
Propranolol (70)
Atenolol (-)
Metoprolol (-)
204 /1779 No (0.76; 0.44-1.33) No (0.86; 0.57-1.32) N.D. [158]
Propranolol (-)
Others (-)
Metoprolol (43)
102 /1413 Atenolol (38) No (0.64; 0.38-1.07) Yes (0.52; 0.31-0.88) N.D. [144]

Others (21)

Carvedilol (11)
Sotalol (3)
Atenolol (27)
747800 Betaxolol (1) Yes (0.42; 0.18-0.97) Yes (0.52; 0.28-0.97) Yes (0.32; 0.12-0.90) [146]
Bisoprolol (11)
Metoprolol (8)
Nebivolol (13)

Metoprolol (1793)
Atenolol (622)
3660/18733 N.D. No (1.3; 1.1-1.5) N.D. [149]
Propranolol (586)

Others (659)
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1770 /55252

Propranolol (1770)

No (0.94; 0.77-1.16)

N.D.

N.D.

[137]

Carvedilol (22)
Sotalol (84)
Atenolol (854)
Bisoprolol (189)
Metoprolol (45)
Propranolol (249)

1443 /5754

No (1.11; 0.94-1.32)

N.D.

N.D.

[150]

Bisoprolol (59)
Metoprolol (48)
153 /1144 Atenolol (28)
Propranolol (13)
Others (5)

No (1.05; 0.85-1.29)

Yes (0.81; 0.66-0.99)

N.D.

[147]

93 /956 N.D.

Yes (0.48; 0.23-0.99)

No (0.93; 0.39-2.25)

Yes (0.40; 0.17-0.93)

[82]

HR — Hazard Ratio; Cl — 95% Confidence Interval (Lower limit — Higher limit); N.D. — No data
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1.3.5. Conclusion and Future Perspectives

Despite the advances made in recent years, the knowledge on the impact of endogenous
stress on the complex interactions governing BC disease progression is still incomplete.
This review summarizes and combines the available data regarding the SNS signaling in
the orchestration of BC.

So far, the adrenergic signaling has been implicated in several steps of disease
progression, promoting tumor growth, angiogenesis, immunosuppression and invasion
(Figure 2). While several in vitro studies and animal models have illustrated the intricate
control of the SNS over cancer cellular processes, the contribution of the different ARs
expressed in the multiple cellular components of the tumor microenvironment remains
puzzling. Furthermore, the inherent heterogeneity of BC presents an additional challenge
in modelling this disease. Distinctive AR expression patterns on BC cell lines widely used
in the various experimental models is certainly relevant and more information on the
adrenergic control of disease progression in different cell lines is urgently needed.

The modelling of the various cellular and structural components of the cancer niche is still
technically challenging. The use of immunodeficient mice is required for xenograft tumor
models, but the contribution of the immune system is not taken into account in these models.
Thus, current in vitro and in vivo models do not completely recapitulate the complexity of
the disease but as new, more complicated models are being developed, discerning the
specific contributions of each cellular type grows increasingly more difficult. Specific
deletion of B.-AR on not only BC cells®, but also in osteoblasts!*?”) and macrophages!*>®
could be used as an important tool to elucidate the role of this receptor in various models
of the disease, although no conditional B>-AR knockout models specifically in osteoclasts
or osteocytes were described to date. Furthermore, microfluidic systems also present
several advantages when compared to traditional in vitro models since they allow the
compartmentalization of different cell types and the introduction of fluidic flow, which can be
physiologically relevant. There are already microfluidic platforms developed for the study of
BC metastasis to bonel®1¢9 put the modelling of the SNS in these platforms is still
challenging.

Metastatic tropism for bone is an evident feature of BC, being the most common site of
metastasis in Luminal breast cancer patients'%l. Although adrenergic stimulation of the
bone microenvironment is thought to increase osteolysis and potentiate the metastatic
vicious cycle, the interactions between BC and bone cells under sympathetic control remain
mostly unexplored, apart from the contributions of Elefteriou and his group®® 127. 128
Although the use of Luminal A BC cell lines on bone metastasis models presents technical

challenges due to their less invasive phenotype, it would be crucial to understand the
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molecular changes that might be elicited by the SNS in these cells. Furthermore, since
Luminal A tumors are the most common subtype of BC found in patients, the use of Luminal
subtype BC cells in in vitro and in vivo models of the disease is certainly more clinically
relevant than the current widespread use of aggressive TNBC cells.

Future developments on novel targeted therapeutic strategies, such as tumor specific
denervation using viral vectors®”, are exciting fields of research that will require input from
various areas of expertise before becoming applicable in a clinical setting. It is still unclear
if this technique could be applied to locally and specifically denervate the bone in pre-clinical
studies. In addition, other denervation techniques such as chemical sympathectomy by local
delivery of guanethidine using an osmotic mini pump in the femoral bone marrow were
previously established™®, which could help to clarify the role of sympathetic nerves on bone
metastasis.

Finally, clinical observations on the usage of Beta-blockers for treatment of BC suggest that
interfering with SNS signaling could have beneficial outcomes for patients, particularly in
the control of metastatic spread. Nevertheless, systemic administration of beta-blockers can
also have unforeseen consequences in the progression of BC, and adequately powered
clinical trials are needed before therapy implementation. To circumvent the disadvantages
of systemic administration of these drugs, targeted drug delivery systems could provide the
answer for a currently unmet clinical challenge. The unique biochemical and biophysical
characteristics of the bone microenvironment provide the means for a targeted drug delivery
to bone metastatic tumors. Bisphosphonates*®?, acidic amino acid peptidic sequences!*®?,
liposomes*®, organic*®! and inorganic*® nanoparticles, chimeric peptides targeting
CATK[¢ and also HER?2 targeting nanoparticles*® have been previously used to achieve
bone metastasis specific drug and gene delivery in vivo. Whether these strategies could be
used to deliver SNS targeting drugs specifically to the bone microenvironment and if that
would translate into a clinical benefit remains to be elucidated.

Taken together, the data summarized in this review highlight the importance of SNS
activation on BC. Exciting new developments are expected in the next few years that would

allow us to complement our understanding of the molecular cues that drive BC progression.
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1.4. In vitro microfluidic models

Before widespread use of beta-blockers in clinical practice, clarification of the cellular and
molecular mechanisms that drive BC metastasis to the bone is of crucial importance. Most
studies on BC bone metastasis are performed using standard two-dimensional in vitro
culture or employing animal models of BC. However, although they are cheap and allow
high throughput procedures, conventional in vitro cultures do not recapitulate the complexity
of the bone microenvironment!!®?, Alternatively, in vivo modeling of BC reflects important
pathological cues such as cell-cell and cell-matrix interactions, and integrates the reaction
of the whole organism to the onset of disease. Nevertheless, distinct responses in mice and
human cells limits the ability of these models to predict human disease!*’. Furthermore,
the complex interpretation of specific signaling pathways together with the ethical issues
associated with the use of animal experiments hampers the effective use of these
models!*7.,

In order to tackle some of the constraints associated to the use of animal models,
microfluidic tools have emerged in the past decade as alternative platforms that are able to
recapitulate characteristic features of the bone metastatic microenvironment!*58l,
Microfluidics are versatile devices designed to address a specific scientific question and are
usually produced by soft photolithography processes in specialized clean rooms. They take
advantage of micrometric features to allow the fine control of culture parameters, the use of
shear stress and fluidic flow and the promotion of physical and chemical gradients, in order
to ultimately mimic the biological attributes of the metastatic niche*”t, Examples of such
attributes include the presence of suitable ECM, vascularization, innervation and also
paracrine crosstalk between the different cellular players that constitute the tumor
microenvironment. These features are critical for an improved modeling of the interactions
taking place during bone metastasis and to help decipher the role of innervation in the onset

of this disease.

1.4.1. Microfluidic models of bone metastasis

Bone metastasis is characterized by a complex sequence of events that begin with the
extravasation of circulating tumor cells (CTC) from the blood stream towards the bone
marrow. After a period of dormancy, cancer cells eventually escape quiescence and start
bone marrow colonization and expansion, recruiting and modulating native bone-residing
cell activity to favor tumor growth 2%, Due to the intricacy of the cell-cell and cell-matrix
interactions involved in bone metastasis, modeling the bone metastatic niche is difficult to

achieve using standard in vitro and in vivo models. Due to the advantages mentioned
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above, microfluidics can be suitable for fundamental research on the mechanisms involved
in bone metastasis, and multiple microfluidic platforms have been developed to study these
processes (Table Ill). For instance, interactions between CTC and endothelial cells, the
biochemical gradients established in the bone microenvironment and their impact on tumor
cell extravasation and colonization can be modelled using microfluidic tools!*®7: 159. 160, 172-176],
Kong and colleagues took advantage of microfluidic compartmentalization to study BC
CTCs specific migration towards different organs 72, First, the authors coated several
microchannels with human umbilical vein endothelial cells (HUVEC) that were separated
from the organ compartments by a porous membrane. Then, each compartment was
seeded with murine primary cells from bone, liver, lung and muscle tissue. Finally, fluidic
flow of CTCs through diffusion channels was promoted and BC preferential migration
towards bone, lung and liver in opposition to muscle tissue was demonstrated (Figure 6)
(1721 Similarly, interaction and retention of lymphoma and leukemia cells in compartments
containing different human bone marrow cell populations encapsulated in three dimensional
(3D) matrices were previously assessed using microfluidic tools 74, The authors took
advantage of the fact that microfluidic tools are compatible with multiple imaging techniques
to monitor fluorescent tracked cancer cell homing and retention in the different
compartments 174,

In addition to compartmentalization, microfluidic tools allow the use of 3D matrices to
recapitulate important cell-matrix interactions that take place at the metastatic niche. For
example, collagen or fibrin hydrogels laden with differentiated MSCs were used to assess
the extravasation of perfused BC cells towards the bone compartment(**® 6% The authors
recreated the interactions that take place between blood vessels and BC cells during
extravasation by including micro-channels coated with HUVEC before CTC seeding in the
diffusion microchannels. In addition, to better mimic the bone ECM, hydrogels can also be
modified with varying concentrations of hydroxyapatite, as Ahn and colleagues
demonstrated when assessing the effect of bone ECM on human colorectal and gastric
cancer cells proliferation, migration and angiogenesis 71, By changing the experimental
setup and compartmentalization of the different cell types, the authors were able to evaluate
cancer cell proliferation, migration and angiogenesis in the same platform 77, Besides
hydrogel matrices, other sources of bone ECM can also be applied in microfluidic models:
HUVECs and MSCs were previously cultured in native bone decellularized matrices to
mimic the bone microenvironment and used to assess perfused BC cell retention and
growth®*”3l; furthermore, Hao and colleagues adapted a microfluidic chamber for long term
culture of differentiated murine MC3T3-E1 osteoblastic cells, which led to the deposition of

a matrix of mineralized collagen fibers that was used to study BC colonization!*°8l,
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Figure 6. Microfluidic models of bone physiology and cancer metastasis. (a)
Compartmentalized microfluidic to study BC CTC migration and retention towards different
tissues. (b) Microfluidic model designed to study lymphoma and leukemia cell migration and
retention in compartments with distinct bone marrow cell populations. (c) BC extravasation
model where the migration of BC cells through an endothelial cell barrier towards a collagen
hydrogel seeded with differentiated osteoblasts. (d) Microfluidic model to study BC
extravasation towards a fibrin gel containing endothelial cells, osteoblasts and MSCs. (e)
Schematic image of a microfluidic model used to study the effect of different
hydrogel/hydroxyapatite compositions in colorectal and gastric cancer cell migration,
proliferation and angiogenesis. (f) Microfluidic device designed to allow long term culture of
murine osteoblasts and promote ECM deposition, and later on study BC engraftment and
proliferation. (g) In vitro microfluidic model aimed at the replication of the bone marrow
microenvironment for drug screening assays. (h) Integration of cardiac and bone

compartments in the same microfluidic device for cardiotoxicity assessment of several
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commonly used chemotherapeutics. Adapted under the terms of CC-BY license 172 177,

Adapted with permission from [158-160. 174,178, 179],

The versatility of microfluidic platforms for cancer research is further illustrated by the
integration of drug screening assays for personalized medicinel’®18%, In particular, the

improved resemblance of these platforms to the in vivo pathological features of the tumor
microenvironment translates into enhanced modeling of cellular behavior in response to
particular drugs or treatment regimenst’® 17, For instance, Chou and his team were able
to recreate the human bone marrow hematopoietic niche by using human CD34*
hematopoietic progenitors seeded in fibrin gels and fed exclusively through HUVEC lined
diffusion channels 178, Hematopoietic progenitors gave rise to myeloid and erythroid
lineage cells and the authors were able to recapitulate the bone marrow toxicity of 5-
Fluorouracil, a drug commonly used in chemotherapeutic regimens to treat cancer 178, The
ability to use patient derived samples to investigate patient-specific responses is another
advantage of microfluidic platforms that cannot be easily replicated in animal models[t78 189,
Furthermore, the modular integration of different organ models in the same platform allows
the assessment of off-target drug toxicity that is not apparent in standard in vitro models*’®.
This was illustrated by Chramiec and his team, since they integrated cardiac tissue and
decellularized bone scaffolds to study Ewing sarcoma bone tumor response to linsitinib,
and were able to recapitulate mild cardiac toxicity of this drug that is also observed in the
clinical practice®™. Thus, microfluidic models can potentially be used to improve
translational research of new therapeutic strategies and help predict cell behavior in the

human bone metastatic microenvironment.
1.4.2. Microfluidic models of bone innervation

Bone is highly innervated by TH* SNS neurons and CGRP* and SP* sensory fibers*3,
Sympathetic and sensory fibers are involved in the regulation of bone metabolism both in
homeostatic and pathological conditions. In particular, the effect of the sensory innervation
in bone metastasis is well documented, since an exacerbation of sensory sprouting is
evident in bone metastasis of breast and prostate cancer and is linked to hypersensitivity
and bone painl?> 1, However, data on sensory and sympathetic innervation and their role
on bone metastasis is obtained mostly from in vivo animal models, rendering the in depth
analysis of the signaling pathways involved extremely difficult.

Microfluidic platforms can be a powerful tool to decipher the bone cell modulation of
innervation patterns in both physiological context and during bone metastasis. The main

advantage of these platforms is the ability to compartmentalize the neuronal cellular bodies
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and axonal terminals. In vivo, neurons in the dorsal root ganglia (DRG) extend their nerve
endings towards distant sites, including the bone. Several studies have successfully
recreated this trait using microfluidics, and were able to investigate neuronal sprouting while
keeping the neuronal bodies confined in distinct compartments (Figure 7) [27- 1811831 For
instance, establishment of murine osteoblast-neuron synapses were demonstrated using
microfluidic platforms, similar to in vivo innervation of the bone 83,

These approaches have uncovered new mechanisms of neuronal regulation in
physiological conditions. Compartmentalized microfluidics were successfully used to
determine the mechanisms responsible for osteoblast-driven patterning of bone
innervation?”]. The authors were able to show that differentiated osteoblasts provide a non-
permissive environment for sensory neuron outgrowth through the secretion of SHH, in

opposition to the axonal growth promoting role of undifferentiated MSCs [,
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Figure 7. Microfluidic models of sensorial and sympathetic innervation. (a) Microfluidic
model of bone innervation. Sensorial neurons (red) are cultured in one compartment and
extend their axonal terminals through microgrooves towards the opposite compartment,
where they establish synapses with murine MC3T3 osteoblasts (green). Scale bar — 500
um. (b) Microfluidic model to study bone cell driven innervation patterning. The ability of
MSCs (left image) or differentiated osteoblasts (right image) to promote axonal growth is
evaluated. Sensorial neurons (red), MSCs/osteoblasts (green). Scale bar - 500 pym. Inset

scale bar - 200 pym. (c) Microfluidic model of axonal degeneration. Axonal terminals are
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seen in control conditions (left image) or after paclitaxel administration (right image). Scale
bar - 100 uym. (d) Microfluidic devices were used to study prostate cancer perineural
invasion. Microfluidic microgrooves facilitated imaging procedures to observe cancer cell
guidance by the neuronal extensions. Scale bar - 50 ym. (e) Microfluidic device used to
study murine sympathetic innervation of the cardiac tissue. The inclusion of pins allowed
for the seeding of two separate hydrogels containing cardiomyocytes and adherent cardiac
cells (green hydrogel) or post ganglionic SNS neurons from the superior cervical ganglion
(red hydrogel). Adapted under the terms of the CC-BY license 71, Adapted with permission

from [181-184]

Furthermore, in pathological settings, microfluidic platforms were also used to study
perineural invasion of prostate, pancreatic and BC cells as a mechanism for cancer cell
escape and dissemination [*8l, The importance of the physical separation of the neuronal
bodies and axonal projections is further highlighted in a study by Yang and colleagues,
showing that paclitaxel treatment leads to axonal degeneration but has no effect when
applied to the neuronal soma 82, In the same study, human erythropoietin applied to the
axonal compartment showed neuroprotective effects, illustrating the suitability of
compartmentalized microfluidics for drug screening assays 82,

Microfluidic modeling of sympathetic innervation of cardiac tissues has been previously
described*®4. A mixture of murine cardiomyocytes and adherent cardiac cells was cultured
together with post ganglionic SNS neurons from the superior cervical ganglion, and both
axonal extension and beating rate were quantified after adrenergic stimuli 84, Nonetheless,
no microfluidic platforms designed to investigate the effect of sympathetic neurons on bone
metastasis have been reported so far. Microfluidic compartmentalization and the inclusion
of suitable 3D microenvironment could be advantageous to the development of future

models of sympathetic control of bone metastasis.
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Table lll. In vitro microfluidic platforms addressing the study of bone cancer and innervation

Objective of the study

Platform features

Cells used

Reference

Tumor cell

extravasation

Model metastatic extravasation
of BC cells towards different

organs.

Four different culture chambers in contact
with fluidic micro-channels through a porous

membrane.

MCF7 or MDA-MB-231 breast cancer cells were perfused
through channels lined with HUVEC. Migration towards
compartments containing primary mice lung, bone marrow,

muscle and liver cells was assessed.

[172)

Study interactions of leukemia
and lymphoma cells with different
populations of the bone marrow.

Simple setup where an inlet is connected to

four different compartments through

microfluidic channels.

Normal human CD34+ bone marrow cells, U937 lymphoma
cells or MOLM13 leukemia cells were perfused through
compartments containing human arterial, sinusoidal,

mesenchymal and osteoblastic bone marrow populations.

[174]

Four independent gel chambers in contact
with media channels coated with matrigel for
endothelial cell seeding.

Differentiated MSCs were seeded within collagen gels.
HUVEC were seeded on the media channels to mimic blood
vessels and MDA-MB-231 BC cells were perfused in these

channels.

[159]

One central channel in contact with two
perfusion channels was used for hydrogel

seeding.

Fibrin gels containing HUVECs and MSCs were used to
mimic bone matrix deposition and vascularization. MDA-MB-
231 BC cells were perfused through the media channels and
towards the central

extravasation compartment was

assessed.

[160]

Study BC cell extravasation
towards bone mimicking
matrices.

Study breast cancer cell
extravasation towards bone
mimicking matrices.

Assess breast cancer cell

retention and growth on perfused

decellularized bone matrices.

Three parallel chambers with decelullarized
bovine bone matrices were used, each

connected to medium inlets and outlets.

Decellularized bone matrices were seeded with MSCs and
HUVECSs, and later on perfused with MDA-MB-231 BC cells.

[173]

Study prostate cancer cell
extravasation through collagen
ECM

cells.

towards osteoblast-like

Simple setup where cells are seeded on the
lateral side of a cell compartment, which is
later on filled with collagen and perfused

with medium to create a hollow channel.

MC3T3-E1 murine osteoblastic cell lines are seeded on the
lateral side of the cell compartment. After filling the

compartment with collagen, LNCaP prostate cancer cells are

[176]
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seeded on the hollow collagen channel and extravasation

towards osteoblasts is assessed.

Investigate the effect of
osteocytes in BC extravasation

into bone.

Microfluidic platform composed of an
osteocyte compartment connected to a
lumen channel. Each compartment is
amenable to fluid flow and shear stress

stimulus.

MLO-Y4 osteocytic cell line was seeded on the bone
compartment, subjected or not to fluidic flow. MDA-MB-231
BC cells were then seeded on the lumen channel coated
with endothelial cells and the extravasation was assessed.

[157]

Identify genes associated with
BC migration towards bone

mimicking substrates.

Simple device with two medium channels
and one hydrogel channel in between.

Differentiated human bone marrow MSCs were cultured in
collagen hydrogels in the hydrogel channel. One of the
medium channels was coated with HUVECs to mimic a
blood vessel and BC MDA-MB-231 were seeded on the
same channel as the HUVECSs, after which invasion towards
the bone mimicking hydrogel was assessed.

[175]

Bone tumor

colonization

Investigate BC colonization of

bone mimicking matrices.

Cell culture chamber was adapted for long
term culture. Two different compartments,
one cell chamber and one medium
perfusion channel, were separated by a
dialysis membrane to allow nutrient and
metabolite exchange without having to

disturb the cell chamber.

MC3T3-E1 murine osteoblastic cell lines were cultured
undisturbed for 30 days in the cell culture chamber, and
deposited mineralized collagen matrices. MDA-MB-231 or
its metastatic suppressed variant MDA-MB-231BRMS cells
were then seeded on the mineralized matrix and proliferation

was assessed.

[158]

Assess the effect of mineralized
fibring hydrogels on colorectal
cellular

and gastric cancer

processes.

The device consists of five parallel

chambers with microposts to better

immobilize the hydrogels without leaking.

SW620 colorectal and MKN74 gastric cancer cells were
used in the study. Angiogenesis was assessed with
HUVECs. Normal human lung fibroblasts were cultured in
the outermost channels to promote cancer cell growth.

[177)

Study the effect of osteocyte

paracrine signaling on breast and

Two channels on top of one another and

separated by a microporous membrane.

BC MDA-MB-231 and MCF-7 and prostate cancer PC-3 and

LNCaP cells were cultured on the top channel. Osteocyte-

[185]
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prostate cancer proliferation and
migration after applying shear

stress.

The bottom channel is smaller in height to

increase shear stress.

like MLO-Y4 cells were cultured on the bottom channel and

subjected to shear stress.

Drug screening
platforms for

bone cancer

Recreate the hematopoietic

niche to study drug induced

hematotoxicity .

Two different channels on top of one
another and separated by a porous
membrane. The top channel is the
hematopoietic niche chamber and the

bottom channel is the perfusion channel.

Human CD34+ cells and BMSC were cultured in fibrin gels
in the hematopoietic chamber. These cells were perfused
exclusively through the perfusion channel that was lined with
HUVEC to mimic a blood vessel.

[178]

Study the interactions of multiple
myeloma cells with the bone

marrow.

Microfluidic  platform with eight parallel
culture chambers with a fiber mesh near
each outlet to avoid flushing of the cells
during culture.

Human osteoblasts were cultured together with patient
derived multiple myeloma cells in each chamber, and
proliferation of multiple myeloma cells was investigated.

[180]

Investigate anti-tumor efficacy
and cardiac toxicity of drugs used
in the treatment of bone tumors

of Ewing Sarcoma

A modular device containing two culture
chambers separated from one perfusion

channel through a nylon mesh.

Differentiated human MSCs were cultured together with
either metastatic (SK-N-MC) or non-metastatic (RD-ES)
Ewing Sarcoma cells in decellularized bone matrix scaffolds
in the bone chamber. Cardiac tissue was obtained through
a mixture of normal human dermal fibroblasts and
differentiated human induced pluripotent stem cells in
fibrinogen hydrogels. Differentiated cardiac tissue was
placed in the cardiac chamber, and both chambers were
perfused, either in isolation or in co-culture of bone and

cardiac tissue.

[179]

Innervation in
bone and in

cancer
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Model the interaction between
neurons and cancer cells,
particularly during perineural

invasion.

Simple device with two channels connected
by small microgrooves to allow the passage

of neuronal extensions.

Hippocampal neurons, cortical neurons or DRGs were
extracted from embryonic or postnatal rats and seeded on
the neuronal channel. PC-3 prostate cancer, Panc-1
pancreatic cancer and MCF-7 BC cells were cultured in the

cancer channel. Migration of each cell type was quantified.

[181]

Investigate the mechanisms of
paclitaxel induced axonal

degeneration.

Simple device with two channels connected
by small microgrooves to allow the passage

of neuronal extensions.

DRGs were cultured in the neuronal channel and axonal
extensions projected towards the opposite compartment.
The effect of paclitaxel either on the cellular bodies or on the

neuronal extensions was assessed.

[182]

Model the interactions between
osteoblasts and sensory

neurons.

Simple device with two channels connected
by small microgrooves to allow the passage

of neuronal extensions.

DRGs were cultured in the neuronal channel and axonal
extensions were projected towards the bone compartment,
where MC3T3-E1 osteoblasts were seeded. Neurite growth
and synapses were observed and measured.

[183]

Investigate the  effect of
osteoblasts on different stages of

differentiation on neurite growth.

Simple device with two channels connected
by small microgrooves to allow the passage

of neuronal extensions.

DRGs were cultured in the neuronal channel and axonal
extensions were projected towards the bone compartment.
Undifferentiated MSCs or osteoblasts at different stages of
differentiation were cultured in the bone compartment and

their effect on neuronal extension was assessed.

[27]

Study the effect of sympathetic

stimulation on cardiac activity.

Device with a cell culture channel with pins
in the central part to enable the crosslink of
two different hydrogels in the same channel.
The bottom cell culture channel is separated
from the top medium channel through a
porous membrane to allow exchange of

nutrients.

Primary rat cardiomyocytes and adherent cardiac cells were
seeded in GelMA hydrogels on the cell culture channel.
Primary rat postganglionic sympathetic neurons from the
superior cervical ganglion were seeded in GelMA hydrogels
adjacent to the cardiac hydrogel. Axons extended towards
the cardiac hydrogel while keeping the neuron soma in the
neuronal hydrogel. Cardiac beat rate and innervation were
quantified.

[184]
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1.5. Thesis outline and objectives

Sympathetic hyperactivity has been implicated in the progression of several types of
cancer, including prostate and BCP®® 51, These cancers mostly metastasize to bone, and
SNS signaling, in particular through B.-AR activation, was shown to exacerbate skeletal
deterioration in multiple models of BC metastasis®® 27 128 Together with clinical
observations that correlate beta-blocker treatment with improved BC survival®” 143,
these data point to a potential therapeutic benefit of SNS targeting in the treatment of
BC metastasis.

Nevertheless, our understanding of the interactions governing SNS control BC bone
metastasis and the bi-directional crosstalk between cancer cells and the bone niche is
still incomplete. Other epidemiologic studies have shown no correlations between beta-
blocker intake and BC survival and recurrence™”: 19 and thus the benefit of beta-
blockers remains controversial. In vitro modeling of the bone metastatic niche is
particularly difficult due to the complex interactions taking place between BC cells and
bone cells. Organ-on-a-chip devices have been used to study BC extravasation and
proliferation in the bone, however, to our knowledge, no organ-on-a-chip model of
sympathetic control of BC bone metastasis has been developed so far. In addition,
several questions require clarification before translation of pre-clinical evidence into
clinical benefits: how does the SNS impact BC cellular processes in the context of bone
metastasis? How does the crosstalk between human bone cells and BC cells changes
under sympathetic activation? Does the cellular communication under sympathetic
signaling changes during BC progression? Are the factors involved in the modulation of

the bone niche different in primary versus metastatic BC?

In this work, we attempted to answer some of these questions by employing different
approaches ranging from microfluidic modeling, cellular and molecular biology,
proteomic screening and computational algorithms. We studied the interaction between

BC cells and bone cells under sympathetic activation using two different approaches:

I. Development of an organ-on-a-chip platform to study the effect of synergistic
crosstalk of osteoclasts and sympathetic neurons on the BC secretome
(CHAPTER 1I)

We designed, fabricated and validated a novel organ-on-a-chip model that aimed to
investigate the mechanisms involved in the bi-directional and synergistic communication
between distinct cellular players. By taking advantage of cell compartmentalization and

manipulation of the direction of communication with pressure actuated Quake valves, we
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facilitated the identification of secreted factors involved in intercellular crosstalk while
preventing direct cell-cell interactions. In particular, our organ-on-a-chip platform was
used to analyze the soluble mediators implicated in the crosstalk between human
sympathetic neurons, osteoclasts and bone metastatic BC cells, mimicking the
interactions that take place at the BC bone metastatic niche.

II. In vitro pharmacological B2-AR activation and its effect on the BC modulation of
the bone niche in different stages of disease progression (CHAPTER llI)

Through a combination of clinical data, proteomic profiling and functional studies with
human primary cells, we investigated the effect of sympathetic control of BC cellular
processes in the context of bone metastasis. We evaluated the status of circulating
epinephrine in a cohort of primary and metastatic BC patients. In addition, we assessed
how B2-AR signaling affects the crosstalk between BC cells and osteoclasts/osteoblasts,

comparing the effect of parental and metastatic variants of BC on bone degradation.
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Chapter Il. Development of an organ-on-a-chip platform
to study the effect of synergistic crosstalk of
osteoclasts and sympathetic neurons on the BC

secretome
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2.1. Fabrication of microfluidic templates for organ-on-a-chip

models

Microfluidic platforms have emerged as alternative tools for standard in vitro modeling of
physiological or pathological conditions, being able to more accurately mimic
characteristic features of the in vivo microenvironment. Most microfluidic models are
produced by casting polydimethylsiloxane (PDMS), a transparent and biocompatible
polymer, on templates with a wide range of configurations and functions. Templates for
PDMS casting are usually manufactured by photolithography processes where a
photoresist is irradiated with ultra-violet (UV) light through a specially designed mask.
The non-irradiated sections of the photoresist are subsequently etched out, resulting in
a master mold that retains the desired features and is suitable for PDMS casting.
However, although standard photolithography methods allow for high resolution features
at the low micrometer range, they are expensive and time-consuming and require access
to clean room facilities and highly skilled personnel.

Alternatives to photolithography have been proposed to counteract some of these
limitations. Subtractive methods such as micromilling of poly methyl methacrylate
(PMMA) and aluminum templates & 2 or laser-writing of glass surfaces ¥l generate
prototype molds in a fast and cost-effective fashion. Similarly, additive manufacturing
processes such as thermoplastic extrusion ¥ and stereolithography printing ©! are able
to quickly produce prototype molds using cheap materials, and generate complex
structures with varying height profiles in a single printing step. However, these
methodologies display lower resolution than photolithography and generate rougher
surfaces that could affect PDMS casting and binding. Furthermore, photo-initiators used
for cross-linking of stereolithography resins can interfere with the curing process of
PDMS 61,

Although all mold manufacturing methods for PDMS casting present advantages and
limitations, the potential of stereolithography 3D printing to generate prototypes with
adequate resolution for in vitro microfluidic models is appealing. The high design freedom
characteristic of 3D printing applications coupled with the low cost and expertise required
to operate these tools facilitates the implementation of new microfluidic platforms. Thus,
by taking advantage of the versatility of stereolitography tools, developed a new
microfluidic platform that aimed to:

- Study the dynamic interplay between bone tropic breast cancer cells, sympathetic
neurons and osteoclasts seeded on bone matrices, while compartmentalizing each

different cell type and focusing on communication by secreted paracrine factors.
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- Proactively modulate the communication routes between the different cell

compartments to explore indirect mechanisms of intercellular crosstalk.
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2.2. Metastasis-on-a-chip microfluidic model of sympathetic

modulation of breast cancer bone metastasis

[Research Paper]

A Metastasis-On-a-Chip Approach to Explore the Sympathetic
Modulation of Breast Cancer Bone Metastasis

This chapter was based on the following published paper:
F. Conceicdo, D. M. Sousa, J. Loessberg-Zahl, A. R. Vollertsen, E. Neto, K. Sge, J.
Paredes, A. Leferink and M. Lamghari (2022) A Metastasis-On-a-Chip Approach to

Explore the Sympathetic Modulation of Breast Cancer Bone Metastasis. Materials Today
Bio. 13, 100219
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Abstract

Organ-on-a-chip models have emerged as a powerful tool to model cancer metastasis
and to decipher specific crosstalk between cancer cells and relevant regulators of this
particular niche. Recently, the sympathetic nervous system (SNS) was proposed as an
important modulator of breast cancer bone metastasis. However, epidemiological
studies concerning the benefits of the SNS targeting drugs on breast cancer survival and
recurrence remain controversial. Thus, the role of SNS signaling over bone metastatic
cancer cellular processes still requires further clarification. Herein, we present a novel
humanized organ-on-a-chip model recapitulating neuro-breast cancer crosstalk in a
bone metastatic context. We developed and validated an innovative three-dimensional
printing based multi-compartment microfluidic platform, allowing both selective and
dynamic multicellular paracrine signaling between sympathetic neurons, bone tropic
breast cancer cells and osteoclasts. The selective multicellular crosstalk in combination
with biochemical, microscopic and proteomic profiling show that synergistic paracrine
signaling from sympathetic neurons and osteoclasts increase breast cancer
aggressiveness demonstrated by augmented levels of pro-inflammatory cytokines (e.g.
interleukin-6 and macrophage inflammatory protein 1a). Overall, this work introduced a
novel and versatile platform that could potentially be used to unravel new mechanisms

involved in intracellular communication at the bone metastatic niche.

Keywords: Metastasis-on-a-chip, Breast Cancer, Bone Metastasis, Sympathetic

Nervous System, Paracrine
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2.2.1. Introduction

Breast cancer bone metastasis is an complex process that encompasses cell
extravasation from the circulatory system into the bone, engraftment on a suitable niche,
escape from dormancy, proliferation and uncoupling of the bone remodeling to fuel tumor
growth 1. Bone is the most common site of metastasis in breast cancer. Within the bone,
breast cancer cells over-activate bone resorbing osteoclasts and shift the physiological
balance in bone remodeling towards increased bone destruction. This leads to severe
skeletal complications, such as bone pain, hypercalcemia and bone fractures [l The
elucidation of the cellular and molecular mechanisms by which breast cancer cells
engraft and proliferate in the bone niche is, therefore, of crucial importance to improve
the available therapeutic options. However, several barriers still hamper the study of the
metastatic bone niche. In vivo models, which are able to recapitulate the complexity of
the human disease, are limited and of difficult execution, whereas the dissection of
specific signaling pathways involved in bone metastasis progression is extremely
complex. Furthermore, high mortality rates and pain associated with the in vivo modelling
of this specific disease inherently raises ethical constraints that limit the use of animal
models. On the other hand, classical in vitro models are simplistic and do not replicate
the native features of the bone microenvironment.

Microfluidic tools have emerged in the past decade as an alternative to conventional in
vitro and in vivo models, since these combine three dimensional (3D) matrices with
human cells while allowing a fine control over spatial and temporal parameters of culture
[ In addition, fluidic connection of different cell compartments as well as the control of
flow and shear facilitates more physiologically relevant modelling . Microfluidic
platforms have in the past been already used as models for bone cancer processes
including: i) selective tropism of myeloma and breast cancer cells towards bone cells &
191 ji) extravasation of breast cancer cells from circulation into extracellular matrix (ECM)
structures based on collagen or fibrin 14 jii) colorectal, myeloma and breast cancer
cell engraftment and proliferation in mineralized matrices 15-18l; iv) cancer drug screening
and toxicity assessment © . Thus, microfluidic technology can tackle constraints
associated to standard in vitro tools in the study of the crosstalk occurring during breast
cancer bone metastasis, and thus improve our knowledge on the signaling pathways
governing the metastatic process.

Despite the numerous advantages of metastasis-on-a-chip in vitro tools, the typical
photolithography processes used in their fabrication require expensive infrastructure and
highly skilled personnel. 3D printing is becoming a viable alternative for microfluidic

fabrication since it combines accessibility of standard benchtop 3D printers and a high
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degree of design freedom which is not trivial to achieve via photolithography 2%,
Furthermore, advances in printer technology have improved surface roughness of 3D
printed template molds, to the point that the resulting prototypes become compatible with
plasma sealing procedures Bl. 3D printing is also suited for valve fabrication, which allows
the control of flow resistance and diffusion through the different fluidic compartments 2%,
The sympathetic nervous system (SNS) was brought to light as a potential therapeutic
target for the treatment of breast cancer due to several findings in pre-clinical and
epidemiologic studies 2224, which correlated sympathetic hyperactivity and poor patient
prognosis. However, the beneficial effect of SNS targeting drugs on the treatment of
breast cancer remains controversial, since other reports failed to replicate such
correlations %28 |t is well established that the SNS acts on multiple cellular targets
throughout the body, mainly via the release of norepinephrine (NE) by sympathetic nerve
endings and through systemic release of epinephrine into circulation. Functional studies
demonstrated that the sympathetic stimulus is able to increase breast cancer circulating
tumor cell retention and extravasation to the bone [, Nonetheless, dissection of
sympathetic signaling in the context of human breast cancer bone metastasis was not
yet reported and the mechanisms governing breast cancer cell response to sympathetic
input within the bone microenvironment are still poorly understood.

As stated above, microfluidic tools offer multiple advantages regarding standard in vitro
models such as compartmentalization and fine tuning of culture parameters. We have
previously established models of neuronal/non-neuronal cellular communication in
compartmentalized microfluidic devices to address sensory innervation in the bone
microenvironment 28 2%, However, to date there are no microfluidic models described for
the study of sympathetic stimuli on the breast cancer bone metastatic niche.

In this study, we have designed and prototyped a new 3D printing based metastasis-on-
a-chip platform to reproduce the effect of sympathetic activation on the dynamic crosstalk
that occurs between breast cancer cells and bone cells in a fully humanized model. Our
platform combines three different human cell types: 1) a bone tropic breast cancer cell
variant, 2) sympathetic neurons and 3) human peripheral blood derived osteoclasts
seeded on top of a bone matrix. The microfluidic platform was specially designed to
physically separate the cells into different compartments to facilitate the identification of
secreted factors involved in intercellular communication while preventing direct cell-cell
interactions. Furthermore, inclusion of fluidic flow between different compartments allow
a unidirectional communication from one compartment to the remaining ones. Our
metastasis-on-a-chip platform is based on static diffusion in order to facilitate
bidirectional communication between each compartment. Additionally, our platform also

allows the manipulation of communication between the different compartments through
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the use of incorporated pressure actuating valves. We were able to successfully optimize
the culture of each cell type and demonstrated that the dynamic interaction between
neurons, breast cancer cells and osteoclasts translates into an increased pro-
inflammatory phenotype. In addition, manipulation of the communication between
compartments allowed us to show that direct neuronal stimulation of osteoclasts is not
required to observe inflammatory cytokine upregulation. Based on these results, we
believe that our versatile platform can be a potential tool for fundamental research on
multiple research topics. The use of widely accessible 3D printing technology further
highlights the adaptability of our metastasis-on-a-chip platform.

2.2.2. Materials and Methods
2.2.2.1. Fabrication and assembly of the metastasis-on-a-chip platform

Each microfluidic component was made out of poly-dimethylsiloxane (PDMS, Sylgard
184, Dow Corning) using specially designed 3D printed molds. Molds were designed
using SolidWorks (Dassault Systemes) and 3D printed in a Form 3 printer (Formlabs)
with a Grey V4 resin (Formlabs). These molds were post-processed by two rounds of
immersion in isopropanol for 15 min to remove uncured resin, followed by air-drying and
a heat treatment of 3 h at 60° C. PDMS was then cast into the mold with a 10:1 (w/w)
ratio of base and curing agent and thermally cured for 1 h 30 min at 60°C. Each PDMS
slab was separated from the mold and cleaned with residue-free tape until plasma
treatment.

The microfluidic platform was designed for single use and is composed of three different
structural parts bonded together: a top slab containing patterned cell compartments and
diffusion channels, a bottom slab containing valve structures and a simple membrane in
between. Top slabs have three equidistant compartments 6mm in diameter for cell
culturing (each with two medium inlets) which are interconnected through 4.5mm long
semi-circular channels 300um wide and 150um high. The bone and cancer compartment
are 1.2mm deep to accommodate the bone slice (400um thick) and the spheroid, while
the Neuronal compartment is 600um deep.

PDMS membranes were produced by spin coating 1.6 mL PDMS at a 10:1 (w/w) ratio of
base and curing agent on top of a perfluorodecyltrichlorosilane coated silicon wafer (10
cm diameter) with an initial spinning step at 500 rpm for 15 s and 100 rpm/s acceleration,
followed by a second step at 1500 rpm for 75 s and 1000 rpm/s acceleration. The
membranes were then thermally cured for 1 h 30 min at 60°C.

Metastasis-on-a-chip platform assembly was achieved by covalent bonding of the
different components. The membrane and cell compartment slab were first covalently

bound together through oxygen plasma treatment for 1min on a Zepto Plasma Cleaner
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(Diener Electronic). The membrane was then cut along the contour of the PDMS slab
using a scalpel and lifted from the silicon wafer. Medium inlets and pressure inlets were
then punched out of the bonded membrane and the cell compartment slab using a 1 mm
biopsy puncher (Kai Medical). The resulting structures were then bonded to the valve
structure slab by oxygen plasma treatment as described previously. Right after treatment
and before bonding, bovine bone slices (boneslices.com, Denmark) were placed in the
bone cell compartment. Both slabs were then bonded together. Each microfluidic unit
was sterilized with 70% ethanol, washed thrice with phosphate buffered saline (PBS)
and equilibrated in complete medium. Neuronal compartments were incubated in a
solution of 5 pg/mL laminin (Sigma-Aldrich) in DMEM/F12 medium (Gibco) with 10% FBS
and 1% penicillin/streptomycin (Pen/Strep, Gibco) (DMEM/F12 complete medium) for 2
h at 37°C. Compartments were washed twice with DMEM/F12 complete medium and

kept at 37°C until cell seeding.
2.2.2.2. Osteoclast isolation

Human CD14+ monocytes were isolated from buffy coats of healthy female blood donors
as previously described %, Briefly, Peripheral Blood Mononuclear Cells (PBMCs) were
separated using gradient centrifugation in Ficoll-Paque Plus (GE Healthcare). PBMCs
were then ressuspended in 0.5% Biotin-free Bovine Serum Albumin (BSA, Sigma-
Aldrich) and 2mM EDTA in PBS, incubated in BD IMagTM anti-human CD14 magnetic
particles (BD-Biosciences) and magnetically separated according to manufacturer's
instructions. CD14+ cells were seeded in T75 flasks in a-MEM (Gibco) supplemented
with 10% FBS, 1% Pen/Strep and 25 ng/mL of recombinant human macrophage colony
stimulating factor (rhM-CSF, R&D Systems) at 5% CO, at 37°C in a humidified incubator
for 2 days. Cells were then differentiated into mature osteoclasts by supplementing the
medium with 25ng/mL M-CSF and receptor activator of NF-kB ligand (RANKL, R&D

Systems) for further 7 days of culture, changing medium twice.
2.2.2.3. Breast Cancer cell spheroids

MDA-MB-231-BoM 1833 human breast carcinoma cell line (MDA-1833 henceforth), a
bone tropic variant of the MDA-MB-231 cell line, was obtained from Dr. J. Massagué
(Memorial Sloan-Kettering Cancer Center, New York). MDA-1833 cells were expanded
in DMEM High Glucose (Gibco) with 10% FBS and 1% Pen/Strep (DMEM complete
medium) at 37°C and 5% CO: in a humidified incubator, changing medium twice a week
until reaching 80% confluence. Cells were then trypsinized (0.25% wi/v trypsin, 0.1% wi/v
glucose and 0.05% EDTA in PBS, Life Technologies), seeded at a density of 10 000

cells per well on round bottom ultra-low adhesion 96-well plates (Corning) and incubated
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for 4 days in DMEM complete medium with 2.5% Matrigel Basement Membrane Matrix

(Corning) to induce formation of cell spheroids.
2.2.2.4. Neuronal-like cell differentiation

SH-SY5Y (ATCC) cells were used as a model of human sympathetic neurons since
these cells were previously reported to be able to produce NE B, SH-SY5Y cells were
expanded in DMEM/F12 Complete medium at 37°C and 5% CO: in a humidified
incubator, changing medium twice a week until reaching 80% confluence. Cells were
then trypsinized and 20 000 cells were seeded in the laminin coated neuronal
compartments and incubated at 37°C overnight. Differentiation was induced by Opti-
MEM medium (Gibco) supplemented with 0.5% FBS, 1% Pen/Strep and 0.1 uM Retinoic

Acid over the course of one week, changing medium every day.
2.2.2.5. Metastasis-on-a-chip Cell Seeding

Microfluidic experiments were set up during the course of 10 days. In order to isolate
compartments before cell seeding and ensure full physical separation of the different cell
types, compartments were sealed off by closing the valves with a pressure of 600 mbar
using a FlowEZ 2000 mbar pressure controller module (Fluigent). SH-SY5Y cells were
seeded on the neuronal compartment as previously described and differentiated for 7
days with the valves open. At day 7, medium from the bone compartment was changed
for a-MEM supplemented with 0.5% FBS, 1% Pen/Strep and 25 ng/mL rhM-CSF
(Osteoclast Medium) and the medium from the cancer compartment was changed for
DMEM High Glucose supplemented with 0.5% FBS and 1% Pen/Strep. Differentiated
osteoclasts were then detached with Accutase (Gibco) for 10 min at 37°C, centrifuged
and seeded on the bone slice at a density of 75 000 cells in Osteoclast Medium, being
left to adhere for 4 h. MDA-1833 individual cell spheroids were transferred to the cancer
compartment, one spheroid per microfluidic device, and the platform was incubated at
37°C for 3 days to allow bone resorption to occur. When required, valves were closed
with a pressure of 600 mbar throughout the experiment. The bone compartment was
supplemented with fresh 50 ng/mL rhM-CSF and rh-RANKL daily. After 3 days,
experiments were ended and conditioned medium was collected from each compartment
while keeping the valves closed. In addition, one replicate from each condition was used
for immunocytochemistry: medium was removed and the compartments were washed

with PBS twice before immunocytochemistry.
2.2.2.6. Immunocytochemistry

Cells in the microfluidic platform were fixed in 4% paraformaldehyde for 10 min at RT

followed by 3 steps of washing with PBS and blockage of unspecific staining in a blocking
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solution of 5% FBS, 5% Horse Serum (Invitrogen) and 0,25% Triton X-100 (Sigma-
Aldrich) in PBS for 1 h at 37°C. Samples were then incubated with primary antibodies
overnight at 4°C (mice anti-Blll Tubulin 1:2000 [Promega]; rabbit anti-TH 1:100 [Merck];
mouse anti-CATK 1:100 [Santa Cruz Biotechnology]; rabbit anti-CD49f [Sigma-Aldrich]).
After incubation, samples were washed thrice with PBS and labelled with secondary
antibodies accordingly (Invitrogen, 1:1000 dilution) together Flash Phalloidin™
(Biolegend) for actin staining, for 1h at RT. Finally, cells were washed thrice with PBS
and counterstained with DAPI (1:1000 dilution), washed again to remove excess DAPI
and kept at 4°C until imaging. Images were acquired in a Leica SP5 confocal microscope
at a resolution of 1024x1024 pixels and z-step of 5 pm. Brightness was adjusted for
better visualization and z-projections as well as artificial cell coloring were performed

using ImageJ.
2.2.2.7. Flow Cytometry

MDA-1833 cell spheroids were removed from the metastasis-on-a-chip platform and
dissociated with Accutase at 37°C for 20 min in a microtube, pipetting up and down every
5 min. At least 10 spheroids were pooled for each condition in one independent
experiment. A commercial kit for Annexin V-APC staining (BD Pharmigen) was used
according to manufacturer’s instructions, but only using 1 pL of Annexin V and 3 pL
Propidium lodide. Immunostaining was performed in 1X Binding Buffer and quantified
using a FACS CANTO Il (BD Immunocytometry Systems) and FlowJo™ software (BD).

2.2.2.8. Enzyme-linked immunosorbent assays (ELISA)

Conditioned medium was collected from each compartment by closing the respective
valves and aspirating the medium. Conditioned medium was centrifuged at 4°C at 400g
for 5 min to remove cellular debris, transferred to a new microtube and frozen at -80°C
until quantification. NE was quantified by ELISA (Abnova) from conditioned medium
collected and pooled from SH-SY5Y monoculture controls from three independent
experiments. Quantification was performed according to manufacturer’s indications, but
300 pL of conditioned medium was used in each replicate and a 1 ng/mL standard was
added so that our samples would fit in the calibration curve. Protein levels of each sample
were quantified using the DC Protein Assay (Bio-Rad) according to the manufacturer’s
instructions and were used to normalize differences between conditions.

The levels of interleukin 11 (IL-11) was quantified by ELISA (R&D Systems) from breast
cancer and bone compartments of the metastasis-on-a-chip platform according to

manufacturer’s indications. Medium was diluted 10x before quantification to fit the
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calibration curve and samples were normalized using the total protein levels as
mentioned above.

The levels of interleukin 6 (IL-6) and macrophage inflammatory protein 1a (MIP-1a) were
similarly quantified by ELISA (Sigma-Aldrich) from the breast cancer compartments of
the microfluidics (unless otherwise stated) according to manufacturer’s instructions.
Medium was diluted 90x before quantification to fit the calibration curve and samples

were normalized using the total protein levels.
2.2.2.9. Quantification of bone resorption

Osteoclast resorption events were stained with toluidine blue (Sigma-Aldrich). The entire
bone surface was analysed using a G50 100 graticule (Pyser Optics) installed on the
ocular of an BH-2 optical microscope (Olympus) as previously described B2, The total
number of events present throughout the bone surface were counted using the graticule
as a frame (using a total of 16-17 graticules per bone slice). Individual resorption events
were divided in two resorption types, pits and trenches. Pits are single, circular
excavations with well-defined edges while trenches are elongated and continuous
grooves with a length/width ratio equal or greater than two B3, The percentage of
trenches per total events was used to compare individual experiments independently of
eroded surface variations. Samples were blinded before eroded surface quantification
by one researcher.

2.2.2.10. Proteomic Analysis

Conditioned medium from four MDA-1833 spheroids cultured either on the metastasis-
on-a-chip platform or in 96 well-plates was pooled and centrifuged at 300 g for 5 min to
pellet cellular debris. Conditioned media was then transferred to micro tubes and protein
concentration was measured as described above. 50 pg of protein from each condition
was processed using the solid-phase-enhanced-sample-preparation (SP3) protocol, as
previously described B4, followed by enzymatic digestion overnight with trypsin/LysC (2
micrograms) at 37°C and 1000 rpm.

Protein identification was carried out by nano Liquid Chromatography coupled with Mass
Spectrometry (LC-MS/MS) and data was analysed with Proteome Discoverer software
(Thermo Scientific) as described by Osoério et al 9. The ratio between the protein
abundances in the conditioned medium from microfluidic and well plates was used to

compare between both conditions.
2.2.2.11. Protein Array

After tri-culture in the microfluidic platform, cancer compartment conditioned medium

from three independent experiments was pooled and screened for proteins involved in
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bone metabolism using the G-Series Human Bone Metabolism Array 1000 (RayBiotech)
according to manufacturer’s instructions. Briefly, the arrays were blocked for 30 min and
incubated with 100 pL of sample overnight at 4°C, followed by incubation with
biotinylated antibody cocktail for 4 h at room temperature. The slides were then
incubated with Cy3 conjugated streptavidin for 1 h in the dark at room temperature. After
washing steps, droplets were removed using a compressed argon stream. Slides were
sent to the supplier to be imaged (Tebu-Bio). Array data was analysed using the
Spotxel® software (Version 2.2.2, SICASYS Software GmbH) and the GAL file supplied
by the manufacturer. After alignment with the GAL file, data was extracted using the
original image without changes in intensity values. Quantification of the intensity values
was performed by Flex-Spot Detection method and with noise filtering and local
background correction method. Extracted intensity values were then analyzed using the
Excel analysis tool supplied by the manufacturer. After intra-assay normalization,
intensity values were normalized for protein content, values for the culture medium alone

were subtracted to each sample and fold-changes relative to controls were calculated.
2.2.2.12. Statistics

All experiments were performed at least three times. One-way ANOVA test followed by
Holm-Sidak’s multiple comparison test was used to assess statistical significance
between conditions. When two conditions were being compared, nonparametric Mann-
Whitney tests were used. Differences between groups were considered significant when
*p<0.05, **p<0.01, **p<0.001. Data analysis was performed using GraphPad Prism
software v.9.1.0 for Windows (GraphPad Software).

2.2.3. Results
2.2.3.1. Bone metastasis-on-a-chip design

The aim of this study was to establish a model that would allow us to clarify how breast
cancer cells respond to sympathetic stimuli in a bone metastatic context, specifically
focusing on the contribution of cell-secreted factors. In order to achieve this, the
versatility of microfluidic platforms was appealing, since these would allow study of
complex interactions between cancer cells and other significant cell components in the
metastatic process, in a fully humanized system. Instead of using standard
photolithography for the production of microfluidic devices, we took advantage of 3D
printing to be able to quickly prototype our molds in a cost-effective fashion, while
maintaining an adequate resolution (smallest feature of the mold is 150um while the

minimum laser spot size of the 3D printer is 85um).
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Our microfluidic chip was designed to compartmentalize three different cell types with no
direct cell-cell contact but still allow diffusion dependent chemical communication
between compartments (Figure 1a, b). Importantly, we are able to dictate the direction
of communication between compartments by using Quake valves incorporated in the
metastasis-on-a-chip design. This microfluidic chip is composed of three different
structural parts bonded together: a top slab containing patterned cell compartments and
diffusion channels, a bottom slab containing valve structures and a simple membrane in
between (Figure 1c).

The ability to close the diffusion channels is an important feature both for cell seeding
and to explore indirect routes of communication between different compartments. With
that in mind, valve structures 500um wide and 1mm long were included in the center of
the diffusion channels to block the communication between compartments when desired
(Figure 1d). Three Quake valves were included on our microfluidic platform, one on each
diffusion channel. Pressure applied on each valve channel will push the flexible 40um
thick PDMS membrane located between the main PDMS slabs, closing the diffusion
channels (Figure le, f). To test the valves, the diffusion channels were filled with
Toluidine Blue dye and a pressure of 600mbar was applied to the valve channel.
Micrographs of the valve section show that there was no dye in the diffusion channel
when the valves were in a closed state (Figure 1f, right) while dye was observed in the
diffusion channel when the valves where in an open state (Figure 1f, left). Similarly, 5kDa
fluorescent-labelled Dextran was not able to diffuse through a closed valve, further
validating their functionality (Figure S1). Furthermore, no diffusion was observed from
one compartment to the other when all the valves were closed after three days of
incubation, which was a relevant timeframe for our cell culture setup (Figure S1). The
closure of the valves was reversible (Supplementary movie 1) and the valves maintained
their function over 20 cycles of opening and closure without rupturing (data not shown).
As already mentioned, current in vitro models fail to replicate the three-dimensional
features of in vivo bone, which has profound biological and biomechanical implications
in osteoclast biology. To circumvent that limitation, mineralized bone ECM preserving
the structural and biological cues of in vivo bone were included in our model.
Furthermore, to hamper the migration of osteoclasts and breast cancer cells from each
respective compartment, a spatial offset between the bone and cancer compartment
floor and the diffusion channels was incorporated in the design (Figure 1d, right panel).
This was not the case for the neuronal compartment to allow neuronal cells to elongate
their axonal extensions into the diffusion channels and maximize the dissemination of

neuronal factors to the other compartments.
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METASTASIS-ON-A-CHIP PLATFORM

(a) Schematic view (b) Photograph (c) Exploded view
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Figure 1. Concept and design of a novel microfluidic platform with three interconnected
culture chambers. (a) Schematic representation of the microfluidic platform and (b)
photograph of an assembled microfluidic colored with food dyes. (c) Exploded view of
the three components of the microfluidic platform. (d) Top (left) and side (right) view of
the microfluidic platform. (e) Schematic view of a functioning valve. When pressure is
applied in the valve channel, the flexible PDMS membrane occludes the diffusion
channel, blocking the communication between compartments. (f) Valve segment z-
projection of an open valve (left) or closed valve (right) after applying a 600mbar pressure
on the valve channel. The microfluidic compartments were filled with toluidine blue dye

and a 250um stack was obtained on a confocal microscope. An XZ orthogonal view is
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also shown below each respective image (corresponding to the dashed line). Scale bar
200um.

2.2.3.2. Cancer Compartment: 3D culture and proteomic analysis

To form bone metastasis, disseminated breast cancer cells acquire a specific set of
characteristics that are distinct from the primary tumor ¢, Accordingly, bone tropic breast
cancer cell (MDA-1833) spheroids were used as a model of breast cancer cells that are
more prone to establish metastasis in the bone, which have been previously
characterized % and are shown to be biologically relevant for the study of bone
metastasis. In addition, breast cancer spheroids are commonly used to replicate the 3D
features of in vivo tumors E71,

Spheroids were introduced in the cancer compartment and cultured for 3 days inside the
platform (Figure 2a). First, cell morphology was assessed by F-actin staining of MDA-
1833 spheroids inside the microfluidic compartment (Figure 2b). In addition, integrin a6
(CD49f) was previously reported to be expressed in triple negative breast cancer cells
38 and, concordantly, positive staining for CD49f in the surface of MDA-1833 cells was
observed (Figure 2c). Therefore, surface marker expression was maintained inside our
platform.

After morphological characterization of the bone tropic cells, the apoptotic profile of
spheroids cultured inside the microfluidic was compared to spheroids grown in standard
96-well plates. No differences regarding spheroid size were observed (Figure S2) and
Annexin V staining showed that cell apoptosis was similar between conditions (Figure
2d). We then investigated whether the environment in the microfluidic platform evoked
changes in the conditioned medium of MDA-1833 cells. Breast cancer cells express a
plethora of pro-inflammatory factors, of which interleukin (IL) 11 was previously
implicated in breast cancer progression and bone metastasis 9. IL-11 was therefore
guantified and we observed a clear trend towards increased IL-11 levels inside the
microfluidic compartment when compared to MDA-1833 cultured in standard 96-well
plates (Figure 2e). Thus, we further hypothesized that our microfluidic platform could
recapitulate a more aggressive breast cancer phenotype. To confirm this, the conditioned
medium from MDA-1833 spheroids cultured inside the microfluidic platform and in normal
96-well plates was collected and screened for the presence of proteins relevant for our
model. The level of several matrix-associated proteins was increased in the conditioned
medium from MDA-1833 spheroids cultured in our metastasis-on-a-chip platform,
namely connective tissue growth factor (CTGF) and matrix metalloproteinase 1 (MMP1),

which were already described to promote breast cancer progression in the bone niche
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(Figure 2f) 136 40-421 - Additionally, multiple proteins previously reported to be involved in
bone metabolism were shown to be more abundant when MDA-1833 spheroids were
cultured inside the microfluidic platform when compared to 96-well plates, such as latent
transforming growth factor-B (TGF-) binding protein 1 (LTBP1) and Dickkopf-1 (DKK1)
(Figure 2f).

CANCER COMPARTMENT

(a) Schematic view (b) Morphology (f) Proteomic screening
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Figure 2. Breast Cancer compartment optimization. (a) Schematic representation of the
breast cancer compartment. (b) Micrograph of a MDA-1833 cell spheroid cultured for 3
days on the microfluidic platform. Blue - DAPI. Red - F-actin. Scale bar - 200pm. (c)
Expression of CD49f on MDA-1833 cells. DAPI (blue), F-Actin (red) and CD49f (green).
Scale bar - 200um. Inset single channel images are shown on the right DAPI (blue, top),
F-Actin (red, mid) and CD49f (green, bottom). Inset scale bar - 50um. (d) Annexin V
gquantification by flow cytometry of breast cancer spheroids cultured inside the

microfluidic platform (left) or in standard well plates. Ten spheroids were pooled together
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for the analysis. (e) IL-11 quantification in conditioned media from MDA-1833 spheroids
cultured in the microfluidic platform or in well plates. Data is expressed as median of
individual data points from 3 independent experiments and was normalized to the total
protein content (Mann-Whitney test, p=0.1000). (f) Proteomic screening of the
conditioned media from MDA-1833 spheroids cultured in the microfluidic or in standard
well plates. Data is represented as the logarithm of base 10 of the ratio between the
abundance of each secreted protein within the microfluidic and well plate.

2.2.3.3. Sympathetic Neuronal Compartment: Cell differentiation and

catecholamine release

Sources for human sympathetic neurons for in vitro culture are scarce. Sympathetic
neurons were previously obtained from human Pluripotent Stem Cells (hPSCs), however
protocols for differentiation are inefficient and of difficult execution “3. Nonetheless,
neuroblastoma cell lines have been reported to produce NE “4, which is the main
sympathetic neurotransmitter. In order to model the sympathetic nervous system
contribution to bone metastasis, SH-SY5Y neuron-like cells were included in the
microfluidic platform (Figure 3a). The neuronal compartment was coated with laminin
and SH-SY5Y cells were allowed to differentiate for 7 days under retinoic acid
stimulation, after which they presented long axonal extensions (Figure 3b). Tyrosine
hydroxylase (TH) is the rate limiting enzyme in the NE synthesis cascade and commonly
expressed in sympathetic neurons. TH expression was verified in SH-SY5Y cells
cultured in the microfluidic platform, confirming that SH-SY5Y cells maintain a
sympathetic phenotype when cultured in our metastasis-on-a-chip platform (Figure 3c).
Since NE secretion would be the main contributor to our metastatic model, NE was
subsequently quantified in the conditioned medium of the neuronal compartment (Figure
3d). NE was detected in a nanomolar concentration range, a concentration sufficient for
adrenergic receptor stimulation . No significant differences were observed between
SH-SY5Y cells cultured in the microfluidic platform and the 96-well plate regarding NE
production, validating the assumption that sympathetic input is maintained in our

platform.
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NEURONAL COMPARTMENT

(a) Schematic view (b) Morphology
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Figure 3. Neuron-like cell compartment optimization. (a) Schematic representation of the
neuron-like cell compartment. (b) Micrograph of SH-SY5Y cells cultured for 7 days inside
the microfluidic compartment. Several neuronal extensions are highlighted in white
arrows. Blue - DAPI; Cyan - Blll Tubulin. Scale bar 100um. (c) Expression of the
sympathetic marker TH in SH-SY5Y cultured in the microfluidic platform. Single channel
images are showed on the right. Blue (Top) - DAPI; Cyan (Mid) - Blll Tubulin; Red
(Bottom) - TH. Scale bar - 100um. (d) NE concentration quantification in SH-SY5Y
conditioned medium from the microfluidic platform or in well plates. Data is expressed
as median of individual data points from 4 independent experiments and was normalized

to the total protein content (Mann-Whitney test, non-significant).

2.2.3.4. Bone Compartment: Bone resorbing osteoclasts on mineralized ECM

Breast cancer is usually of osteolytic nature, leading to extensive bone degradation.
Osteoclasts, multinucleated cells that are able to resorb the bone, are therefore crucial
players in the establishment of metastatic bone lesions. In fact, proteins released from
the bone matrix during resorption as well as other osteoclast-secreted factors are able
to modulate breast cancer cell behavior and also neuron activation in the bone
microenvironment 6 47 Aiming to replicate these interactions, mature human
osteoclasts were cultured on top of bone slices inside the microfluidic platform for three

days, refreshing RANKL and M-CSF daily to ensure ample access to these cytokines
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(Figure 4a). Characteristic features of mature osteoclasts were observed, namely large
cytoplasm area, actin ring formation and osteoclast marker cathepsin K expression
(Figure 4b, c). Of note, different morphologies were observed in various osteoclasts,
namely circular actin rings (Figure 4b) or crescent-shaped actin rings (Figure 4c), which
reflect the direction of resorption and are characteristic of different resorption modalities
[33.48] Osteoclasts are inherently capable of resorbing the bone while being static or while
moving across the surface of the bone, generating resorption pits or trenches,
respectively (Figure 4d, e, Figure S3). Accordingly, resorption pits and trenches were
visible on the surface of the bone slices, demonstrating that osteoclasts were not only
morphologically differentiated but also fully functional (Figure 4d).

BONE COMPARTMENT

(a) Schematic view (b) Pit-forming osteoclasts () Trench-forming osteoclasts

3.Bone ¥ “ y &
Compartment DAPI ActinCathepsin K DAPI ActinCathepsin K
(d) Bone slice surface (e) Bone resorption schematic

Figure 4. Bone compartment optimization. (a) Schematic representation of the bone
compartment. (b) Micrograph of mature, multinucleated osteoclasts on the surface of the
bone slice. The white arrow shows an osteoclast with a circular actin ring, characteristic
of resorption pit formation. (c) Mature osteoclasts on top of a bone slice. The white arrow
shows an osteoclast with a crescent shaped actin ring, characteristic of a resorption
trench formation. Single channel images are showed on the right. Blue (Top) - DAPI;
Green (Mid) - Actin; Red (Bottom) - Cathepsin K. Scale bar - 100um. (d) Toluidine blue
staining of the surface of the bone slice after three days of culture. Several resorption

events are seen throughout the bone slice. In the left inset resorption pits are visible
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while in the right inset an example of a trench is shown. Scale bar - 200um. (e) Schematic
representation of osteoclast resorption activity. Osteoclasts are capable of stationary
resorption (left) or resorption while moving through the bone surface (right), leading to
the formation of resorption pits or trenches respectively.

2.2.3.5. Non-selective crosstalk: opening communication between breast cancer-

neuron-osteoclast

After individual characterization of each compartment, MDA-1833 cells, SH-SY5Y cells
and osteoclasts were cultured simultaneously in the microfluidic platform (Figure 5a). To
that end, SH-SY5Y were first seeded and differentiated with retinoic acid for 7 days,
followed by osteoclast and MDA-1833 seeding in their respective compartments (Figure
5b). Cells were further cultured for 3 days, refreshing RANKL and M-CSF daily in the
bone compartment until the end of the experiment. Cell morphology of each cell type
was confirmed by immunocytochemistry in the end of the experiment (Figure 5c). This
was an important validation step since we were able to show that similar morphology
and differentiation status were achieved when all cells were cultured simultaneously,
even though each compartment encompassed different culture media that were mixed
by diffusion during the course of the experiment.

As stated above, the aim of this platform was to investigate how breast cancer cells
would respond to sympathetic stimuli under osteoclast crosstalk, by focusing our study
on breast cancer secreted factors. Since proteins described to modulate the bone
microenvironment were detected in the conditioned media of MDA-1833 cells in the
previous optimization step, we decided to restrict our search by using a bone metabolism
protein array. Conditioned medium was extracted from the breast cancer compartment
in the end of each experiment and screened for proteins that could be relevant for our
model, e.g. IL-6 and monocyte chemoattractant protein 1 (MCP-1). After normalization
for total protein content, the relative expression of each protein in the breast cancer
compartment was determined (Figure 5d). Of note, when breast cancer cells were co-
cultured with osteoclasts, increased levels of IL-6, IL-8, MCP-1 and macrophage
inflammatory protein 1a (MIP-1a) were observed in the breast cancer compartment,
which point to an effect of osteoclasts on MDA-1833 secretome. Interestingly, the pro-
inflammatory setting was further exacerbated when SH-SY5Y cells were added to the
model, where the levels of IL-6 and MIP-1a were further augmented (Figure 5d). Indeed,
sympathetic stimulus has been described to increase IL-6 levels in MDA-231 breast
cancer cells with high B-adrenergic receptor (B-AR) expression 1“9 and both MDA-1833

and human osteoclasts express several ARs, being therefore responsive to sympathetic
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stimuli (Figure S4). Based on these results, MIP-1a and IL-6 were then selected as
potential candidate targets of sympathetic signaling in breast cancer and proceeded to
validate the array by quantifying the expression of these cytokines by ELISA. Again, we
observed a significant increase in MIP-1a in the cancer compartment when all cell types
were cultured together with the valves in an open state (Figure 5e). Importantly, the
levels of MIP-1a detected in the cancer compartment, when MDA-1833 cells were co-
cultured with either osteoclasts or neurons, did not differ from MDA-1833 monoculture.
These results highlight the potential of our microfluidic platform to capture the synergistic
effect of multiple cell crosstalk and the importance of a dynamic interaction between the
three cell types. On the other hand, IL-6 levels were significantly increased in the tri-
culture condition when compared to MDA-1833 and osteoclast co-culture controls but
were similar to MDA-1833 monoculture controls (Figure 5f). The increase in IL-6 appears
to be due to neuronal inputs, since the addition of SH-SY5Y cells sharply increased IL-6
production as could be seen in MDA-11833 and neuron co-culture controls. MDA-1833
cells are the main source of IL-6 since only residual IL-6 was detected in neuronal or
osteoclast mono-culture controls (Figure S5). Despite the augmented levels of MIP-1a
and IL-6 pro-inflammatory mediators in the cancer compartment, these did not affect
overall osteoclast resorption activity nor resorption mode in the bone compartment
(Figure 5g, h).

Taken together, our results demonstrate the importance of the dynamic communication
between the different players in the metastatic niche and the ability of our microfluidic

platform to capture these complex interactions.
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METASTASIS-ON-A-CHIP ASSEMBLY
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Figure 5. Tri-culture assembly on the microfluidic platform. (a) Schematic representation

of the assembled microfluidic platform. (b) Timeline of the experiment. (c) Representative

micrographs of (i) the bone compartment, (ii) the cancer compartment and (iii) the neuron

compartment. Scale bar — 100 ym. (d) Bone metabolism array data of conditioned

medium from the cancer compartment. Data is represented as Mean Fluorescence
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Intensity and normalized by total protein content. (e, f) Quantification of MIP1a and IL-6
concentration in conditioned media from the breast cancer compartment by ELISA. Data
is expressed as median of individual data points from 3 independent experiments and
was normalized to the total protein content (One-way ANOVA test, *p<0.05, **p<0.01).
(g9) Quantification of resorption event number and (h) percentage of trench number
relative to total number of events. Data is expressed as median of individual data points
from 3 independent experiments (One-way ANOVA test, non-significant). (i) Schematical
representation of the experimental setting. Closing the valve between the neuronal and
bone compartment forces communication to be preferentially through the cancer
compartment. (j) Quantification of MIP1a and (k) IL-6 concentration in conditioned media
from the breast cancer compartment by ELISA. Data is expressed as median of
individual data points from 3 independent experiments and was normalized to the total

protein content (Mann-Whitney test, non-significant).

2.2.3.6. Selective crosstalk: Closing communication between neurons and

osteoclasts

Intercellular communication on the microfluidic platform is dynamic, where each different
cell type is able to shape the response of the other cells over the course of the
experiment. The inclusion of valves in our platform adds an extra layer of complexity,
allowing the manipulation of the communication by stopping the flow between two
specific compartments. The observed increase in pro-inflammatory factors in our model
supported by other previous reports have shown that direct sympathetic stimulus
increases breast cancer aggressiveness 9. Thus, we hypothesized that the blockage of
communication between the neuron and bone compartment would not affect the
production of pro-inflammatory cytokines in our model. Taking advantage of the Quake
valves incorporated in our metastasis-on-a-chip model, we assembled the tri-culture
while keeping the valve between neuron and bone compartments closed, in order to
assess the impact of different communication routes on the production of IL-6 and MIP-
1a in the cancer compartment (Figure 5i). As hypothesized, closing the valve between
neuronal and bone compartment did not change the levels of MIP-1a nor IL-6 (Figure 5
J» K). These results suggest that direct communication between SH-SY5Y cells and
osteoclasts is not required for the observed levels of IL-6 and MIP-1a levels in the breast
cancer compartment, since limiting communication between neuron and osteoclasts did

not change the levels of these cytokines secreted by breast cancer cells.
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2.2.4. Discussion

The crosstalk between the multiple components of the breast cancer bone metastatic
niche is inherently complex. Although in vitro models provide a simplistic view of these
intricate interactions, microfluidic systems can be used as versatile tools that are able to
recapitulate important hallmarks of disease progression. Our work describes a new
metastasis-on-a-chip platform designed to dissect the interplay between different cellular
players within the breast cancer bone metastatic niche. This microfluidic platform retains
a high degree of complexity by allowing the culture of at least three different human cell
types simultaneously, namely bone tropic breast cancer cells, neurons and osteoclasts.
Moreover, the physical separation of the cellular components enables a dynamic
crosstalk between the different cell types exclusively through secreted factors, which will
result in a cleaner readout interpretation, since direct cell-cell interactions do not occur
in our model.

The majority of the microfluidic platforms used in the literature are produced using soft
lithography processes that, although allowing a high degree of spatial resolution, also
require costly facilities and highly qualified personnel. Using affordable consumer grade
3D printers, we were able to produce resin molds with adequate resolution and a smooth
surface compatible with plasma cleaning bonding processes. Furthermore, the
combination of features of different heights in the same mold facilitates rapid prototyping
and can be translated into a design freedom that is not feasible in standard
photolithography. For the first time, we describe a research tool that integrates human
bone tropic breast cancer, neuron cells and osteoclasts in a single PDMS platform
manufactured from 3D printed molds. We believe that this methodology could be
employed in other research settings, since we used widely accessible 3D printers and
computer aided design tools that do not require specialized training. Our platform was
designed for the analysis of secreted factors involved in the crosstalk taking place at the
bone metastatic niche, but compartment dimensions, channel length and cellular types
could be prototyped and adapted to fit the needs of different biological questions.

Bone tropic MDA-1833 breast cancer cell spheroids were chosen to mimic a breast
cancer bone metastatic niche. Cell spheroids are widely used to model tumor niche
interactions and present advantages regarding metabolic gradients, apoptosis and drug
resistance profiles when compared to standard monolayer culture techniques 0 5%,
MDA-1833 cell spheroids were successfully introduced in the microfluidic platform and
presented similar size and apoptosis levels as spheroids grown in normal 96 well plates.
However, the environmental features inherent of the microfluidic compartment, such as

lower access to nutrients and oxygen, seem to have an impact in MDA-1833 protein
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expression. Normalized IL-11 levels were shown to be increased in the metastasis-on-
a-chip platform when compared to 96-well plates, coherent with a more pro-inflammatory
and osteolytic phenotype. In addition, MDA-1833 cells were first described by Kang et al
and are reported to express a myriad of other osteolytic factors ¢l Of note, we showed
that LTBP1 is more abundant in the conditioned medium of MDA-1833 cells cultured in
the microfluidic platform when compared to normal 96-well plates. Osteoclasts are
capable of cleaving LTBP1, which is subsequently involved in the release of TGF-3 from
the bone matrix during bone resorption ®2 and will then fuel tumor growth in the bone
niche. Furthermore, we showed that proteins from the matrissome 3, such as MMP1
and CTGF, were also increased in our microfluidic platform, consistent with an increased
breast cancer aggressive behavior.

Since solid tumors are often of hypoxic nature due to limited or aberrant oxygen supply,
hypoxia has profound implications in breast cancer progression and it has been already
implicated in the establishment of bone metastasis®®. Accordingly, the topographic
features of our microfluidic platform imply a lower medium volume in the cell
compartments and consequently a lower access to oxygen and nutrients environment
when compared with a standard well plate. Hypoxia is described to promote the
expression of CTGF in MDA-MB-231 cells %, which might explain the observed increase
in CTGF secretion.

Although we have focused on bone tropic breast cancer secreted peptides in our study,
our microfluidic platform can be potentially used to analyze other secreted factors such
as cancer-derived exosomes. Exosomes are extracellular vesicles that can deliver
proteins, lipids and microRNAs to modulate cellular communication and have already
been implicated in breast cancer bone metastasis and osteoclast differentiation 5. In
the future, this novel system can be potentially used to evaluate how sympathetic
neuronal activation alters the secretion of exosomes by bone tropic breast cancer cells.
In order to study breast cancer associated bone pain, the crosstalk between sensorial
neurons and breast cancer cells with microfluidic platforms has been previously modelled
571 However, to our knowledge, no previous attempts have been made to model
sympathetic neuron - breast cancer cellular interactions in a bone metastatic context
using microfluidic technology. The culture of murine sympathetic ganglia in microfluidic
platforms was established to study cardiomyocyte stimulation, but human sources of
sympathetic neurons are limited. Retinoic acid differentiated SH-SY5Y cells have been
previously used as models of sympathetic neurons 1“4, since these cells are capable of
expressing the sympathetic marker TH and produce NE. In our model, we were able to
successfully cultivate NE-secreting human sympathetic neurons, which was fundamental

to achieve our final goal.
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Previous microfluidic models, where murine osteoclasts derived from RAW264.7 cells
were co-cultured with osteocytes to unravel the effect of mechanostimulation on the
crosstalk between these cellular players, have been also already described 8. However,
as far as we are aware, our work is the first to describe the culture of human osteoclasts
in a microfluidic platform. One of the advantages of our proposed model is the addition
of bone slices to the bone compartment. Bone slices retain important topographic and
biochemical cues that are crucial for osteoclastic resorption activity, allowing for
resorption activity readouts that were not yet previously seen in microfluidic devices.
Importantly, in addition to the total extent of osteoclast resorption activity, it is possible
to distinguish different resorption modalities in the surface of the bone slices. Variations
in the trench content relative to the total number of events could be indicative of
differences in collagenolysis versus demineralization rates and cathepsin K activity 9,
In addition, trench resorption is faster and favors bone fragility, and is associated with
more aggressive bone degradation 7,

After optimization steps, microfluidic assembly of all three cell types allowed a unique
glance at the intercellular crosstalk that occurs at the bone metastatic niche. In our
metastasis-on-a-chip platform, we showed that bone tropic breast cancer cells received
synergistic inputs from neurons and osteoclasts that resulted in increased levels of pro-
inflammatory cytokines. Interestingly, IL-6 and MIP-1a were already implicated in the
progression of breast cancer bone metastasis and osteoclastogenesis [0 63,
Furthermore, our results are consistent with previous studies where sympathetic stimulus
increases IL-6 production in breast cancer “° and melanoma cell lines in vitro 62, On the
other hand, osteoclast secreted factors or proteins released from the bone matrix during
resorption were also described to promote breast cancer growth 62 ¢4 As could be seen
in MIP-1a secretion levels, we showed that dynamic communication, contrarily to
standard conditioned medium approaches, is of vital importance to recapitulate
interactions that could take place at the bone metastatic microenvironment.

One of the main features of our platform is the inclusion of valves in each of the
interconnecting channels. These valves were designed based on the Quake valve
architecture, where pressure applied to a flexible membrane allows the closure of a
fluidic channel %, Quake valves were previously used in both photolithography ©¢ and
3D printing applications % and are a valuable tool for fluidic control. In this microfluidic
platform, Quake valves serve two main purposes: 1) we were able to constrain each
different cell in its respective compartment during cell seeding and 2) we could alter the
diffusion pattern and directionality of the stimuli from one compartment to another. We
demonstrated that by closing the communication between bone and neuron

compartments, cytokine levels secreted by breast cancer cells did not change
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significantly, pointing towards a negligible effect of direct neuron-osteoclast
communication on the changes observed in the cancer compartment. Although
epinephrine was reported to increase differentiation of human osteoclast-like cells, the
direct effect of NE on human osteoclast activity is still unknown 7. Future effort should
be directed towards understanding what are the osteoclast/neuron derived factors that
promote a breast cancer pro-inflammatory phenotype.

Our model presents some limitations in its current form. First, we included sympathetic
neurons and osteoclasts but the bone metastatic niche is extremely complex and
composed of multiple cellular players ). We could potentially use our microfluidic
plattorm to study how resident macrophages and lymphocytes, osteocytes,
hematopoietic stem cells, fibroblasts and endothelial cells could also contribute to the
establishment and progress of the metastatic disease. For instance, future
improvements to this microfluidic model would include the addition of immune cells to
the cancer compartment. Since macrophages are responsive to NE 8 it would be
interesting to assess how they impact breast cancer bone metastasis under sympathetic
stimulus. In addition, under sympathetic stimulation, osteoblast derived vascular
endothelial growth factor (VEGF) and IL-1B was able to modulate endothelial cells to
facilitate breast cancer cell extravasation from circulation into the bone marrow niche,
both in vitro and in vivo?® 271, A different platform design would be required to include
endothelial cells, though, to allow hydrogel seeding, fluidic flow and self-assembly of
blood vessels.

Second, several studies have shown that breast cancer cells induce osteolysis via
osteoblast-lineage cells and not by direct osteoclast stimulation % 79, Parathyroid
hormone-related protein (PTHrP) is described to be secreted by breast cancer cells and
to promote the production of RANKL by osteoblasts, subsequently resulting in osteoclast
activation [, Furthermore, the secretome from MDA-MB-231 cells was recently
described to modulate osteoblast mediated bone matrix deposition in vivo Y, On the
other hand, osteoblasts were observed in close contact with prostate and breast cancer
cells in clinical bone metastasis biopsies, suggesting that not only secreted factors but
also direct cell-cell contact between osteoblasts and cancer cells could be important for
osteoclastogenesis and bone degradation 2. The addition of primary human osteoblasts
in the cancer compartment, mimicking the interactions that take place between tumor
cells and cancer associated fibroblasts, could be an interesting upgrade to the
microfluidic model in order to fully recapitulate the bone resorption promoting capacity of
breast cancer cells.

Third, the potential of our platform to investigate the effect of different cancer cell lines

on the bone niche could be further explored. We focused on metastatic MDA-1833 breast
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cancer cells to mimic the local colonization of bone, nevertheless it would be interesting
to assess how the parental cell line MDA-MB-231 react to osteoclast secreted factors
under sympathetic activation. Furthermore, differences in the role of distinct molecular
subtypes of breast cancer on the bone niche, such as luminal-like or epidermal growth
factor receptor 2 (HER?2) enriched breast cancer cell lines, could be investigated in future
studies. Finally, prostate cancer, lung cancer and multiple myeloma also display bone
tropism®4, and thus studying the effect of sympathetic stimuli on prostate/lung or multiple
myeloma bone metastatic niche would demonstrate the translational potential of our

model.
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Supplementary Data

(@) (i) (ii)

4

(b) (i) (ii) (iii)

Figure S1. Demonstration of functioning valves. a) Valves prevent the diffusion of
fluorescent dextran through the diffusion channels. i) Open Valves condition. FITC
Dextran added to the neuronal compartment flowed to the remaining compartments
when the valves were open. ii) Closed valve condition. When the valve between the
neuronal and bone compartment was closed, FITC Dextran was not able to diffuse from
the neuronal to the bone compartment, instead diffused only to the cancer compartment.
Scale bar - 500um. b) Quake valves interrupt the flow of dye between compartments.
With the valves closed, the neuronal compartment was filled with green dye, the cancer
compartment with orange dye and the bone compartment was filled with water.
Microfluidics were left over the course of three days with (i) all the valves opened, (i) the
valve between the bone and neuronal compartments closed or (iii) all the valves closed.

Scale bar - Imm.
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Figure S2. Comparison between MDA-1883 spheroids cultured in a standard well plate
and in a microfluidic platform. (a) Immunocytochemistry micrographs of MDA-1833
spheroids cultured inside the microfluidic platform (left) and brightfield images of
spheroids cultured in a well plate (right). Red - F-actin; Blue - DAPI. Scale bar - 500um.
(b) Spheroid diameter quantification. Data is expressed as mean + SD from 15 different

spheroids.
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Figure S3. Scanning electron microscopy micrographs of osteoclasts cultured on top of

bone slices in standard well plates. Osteoclasts (white arrows) are seen resorbing the
bone surface and different resorption patterns are visible (white asterisks): (a) resorption

pits and (b) trenches are characteristic modes of resorption. Scale bar - 50um.
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Figure S4. Quantification of AR expression. (a) Osteoclast AR expression was quantified
by RT PCR. Data is expressed as mean + SD of the expression of the different ARs
relative to the expression of beta-2 microglobulin from 6 independent experiments. (b)
MDA-1833 AR expression was quantified by RT PCR. Data is expressed as mean + SD
of the expression of the different ARs relative to the expression of beta-2 microglobulin

from 6 independent experiments.
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Figure S5. Cytokine quantification in mono-culture controls. Each cell type was cultured
alone in their respective compartment. (a) MIP1a and (b) IL-6 production was quantified
in the conditioned medium of MDA-1833 cells, osteoclasts (OC) or SH-SY5Y cells. Data
is expressed as median of individual data points from 3 independent experiments and
was normalized to the total protein content (One-way ANOVA test, ***p<0.001).
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2.3. Chapter conclusions

In summary, we have developed a new model of sympathetic regulation of breast cancer
in a bone metastatic context through the integration of breast cancer cells, osteoclasts
and sympathetic neuron-like SH-SY5Y cells on the same microfluidic platform. Our
model displays several advantages compared to other breast cancer metastatic models:
1) manufacture is cheap and accessible without the need for specialized staff and
equipment; 2) integrates a full humanized system with bone tropic breast cancer cells;
3) contains a bone matrix with intact biomechanical and biochemical cues leading to
relevant bone resorption readouts; 4) includes three quake valves that allow
compartment isolation during cell seeding and modulation of diffusion directionality. We
successfully characterized the culture of different cell types on our platform, which led to
the identification of inflammatory mediators that could be involved in the breast cancer
response to sympathetic stimuli in the context of bone metastasis.

Collectively, our findings could set the basis for additional exploration of the mechanisms
that govern sympathetic modulation of breast cancer bone metastasis. Further insights
on the cancer-bone-neuron crosstalk could be gained by manipulating the
microenvironment of each compartment by the addition of different cell players, the use
of specific signaling pathway inhibitors or by including breast cancer knock-out variants.
In the future, our metastasis-on-a-chip platform could also potentially be applied for drug
screening assays and incorporate patient-derived tumor samples or osteoclasts for
improved translational relevance. Importantly, this work presented a new platform that
could be used as basis for fundamental research on various physiological and
pathological settings, with the possibility of changing the different cell types to cater the

needs of individual research questions.
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Chapter lll. In vitro pharmacological B2-AR activation
and its effect on the breast cancer modulation of the

bone niche in different stages of disease progression
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3.1. Breast cancer regulation of the pre-metastatic bone niche

Advanced breast cancer patients often display metastatic foci on bone, but the causes
of this specific tropism are still poorly understood. The bone niche is particularly
permissive to colonization by breast cancer cells, since it is characterized by extensive
vascularization with a profile of endothelial cell adhesion molecules that facilitates
circulating tumor cell adhesion and extravasation. In addition, the bone marrow is
hypoxic which promotes cellular dormancy and increased drug resistance. Finally,
multiple cellular types in the bone marrow are responsible for the maintenance and
regulation of MSCs and hematopoietic stem cells (HSC) niches, such as adipocytes,
osteoclasts, osteoblasts, macrophages and T-cells, among other. Thus, the complex
interplay that is established at the bone marrow leads to a microenvironment rich in
growth factors and soluble mediators, such as TGF-B, IL-6, IL-8 and Ca?* ions, that also
promote breast cancer survival and growth.

In addition to being an intrinsic favorable environment for breast cancer colonization, the
bone marrow also receives input from the primary tumor to modulate local bone
metabolism and further facilitate metastasis. Primary breast cancer tumors are able to
release different factors directly on the circulation, including lysyl oxidase (LOX) and
PTHrP, that mobilize bone marrow stromal cells and shift the normal bone remodeling
process towards increased bone resorption 4. Interestingly, bone metabolism
modulation by PTHrP and LOX was demonstrated in in vivo intracardiac injection BC
models, suggesting that the augmented bone destruction occurs in later stages of BC
progression when BC are already in circulation. Conversely, when mice were inoculated
with the secretome from non-metastatic primary BC, an increase in mineral apposition
and altered bone matrix composition was observed Bl. Notably, no changes in osteoclast
gene expression were detected, pointing to an effect on osteoblast-lineage cells instead
I, Therefore, modulation of bone metabolism by BC seems to be dynamic throughout
disease progression, where the bone matrix is first altered to facilitate colonization of BC
cells followed by extensive bone degradation and uncontrolled tumor growth.

Very few studies have described the interactions that take place between BC and bone
cells in the context of sympathetic activation, and thus the role of the SNS in the
conditioning of the bone pre-metastatic niche in BC is still poorly understood. What is
known so far is that B2-AR activation in BMSC leads to an overexpression of RANKL,
subsequently promoting the migration of RANK expressing BC cells towards the bone
marrow and leading to extensive bone degradation . In addition, after B.-AR activation,
BMSC promote endothelial cell activation by secreting VEGF and IL-1B, which facilitates

BC cell adhesion and extravasation into the bone marrow!” 8.
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Most of the available data on SNS control of BC bone metastasis is derived from in vivo
studies, where the dissection of specific signaling pathways involved in the metastatic
colonization of the bone is hindered. In order to break down the role of B-adrenergic
activation in the crosstalk taking place between BC cells and the bone niche at different
stages of disease progression, we expanded on the knowledge generated in the previous
chapters and determined:

- The changes in Epi plasma content that take place throughout BC progression in a
group of primary and advanced BC patients and healthy blood donors.

- The adrenergic modulation of the secretome of BC cells, particularly through B.-AR,
using a pharmacological approach in vitro with primary and metastatic bone tropic BC
cell lines.

- The effect of the secretome of 3,-AR primed primary and metastatic BC cells on human
osteoclast activity, when cultured alone or in an osteoclast-osteoblast co-culture setting.
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3.2. B2-Adrenergic modulation of the BC bone metastatic niche

[Research Paper]

The Secretome of Primary and Bone Metastatic Breast Cancer
Elicits Distinct Outcomes in Human Osteoclast Activity After

Activation of B2 Adrenergic Signaling

This chapter was based on the following submitted paper:

F. Concei¢do, D. M. Sousa, S. Tojal, C. Lourenco, C. Carvalho-Maia, H. Estevéao-
Pereira, J. Lobo, M. Couto, M. M. Rosenkilde, C. Jerénimo, M. Lamghari (2022) The
Secretome of Primary and Bone Metastatic Breast Cancer Elicits Distinct Outcomes in
Human Osteoclast Activity After Activation of 3. Adrenergic Signaling. (under review for

British Journal of Pharmacology)
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Abstract

Background and Purpose: In the past decade, the sympathetic nervous system (SNS),
particularly through the . adrenergic receptor (B>-AR), has been implicated in breast
cancer (BC) metastasis, but the potential benefits of B>-AR antagonists in the treatment
of BC remain controversial.

Experimental Approach: Plasma epinephrine levels of primary and advanced BC
patients were quantified. The secretome of primary and metastatic BC cells under
pharmacological activation of B-ARs was characterized by proteomic screening.
Functional in vitro studies with human osteoclasts and osteoblasts were performed to
assess the role of BC secreted factors on the bone metastatic niche.

Key results: In this work, we show that, when compared to healthy donors, the
epinephrine levels in BC patients are augmented in the earlier stages of the disease and
are maintained throughout disease progression. We demonstrate that paracrine
signaling from primary BC under 3,-AR signaling activation causes a robust decrease in
human osteoclast differentiation and resorption activity, which is rescued in the presence
of human osteoblasts. Conversely, metastatic bone tropic BC does not display this anti-
osteoclastogenic effect.

Conclusion and Implications: In conclusion, clinical data on epinephrine levels in BC
patients, together with the observed changes in the proteomic profile of BC cells under
B-AR activation that take place after metastatic dissemination, provided new insights on
the sympathetic control of breast cancer at different stages of disease progression. Our
findings prompt careful consideration when targeting the SNS in future therapeutic
interventions.

Keywords: breast cancer; beta-adrenergic; sympathetic nervous system; osteoclast;

proteomic
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3.2.1. Introduction

Breast cancer (BC) is the most common type of cancer diagnosed in women worldwide
1. It is a heterogeneous disease, characterized by the primary tumor status of estrogen
receptor (ER), progesterone receptor (PR) and epidermal growth factor receptor 2
(HER2). Treatment options have improved early-stage BC patient survival %, but
metastatic spread of BC cells from the primary tumor to distant organs dramatically
reduces patient life expectancy. Notably, hormone receptor status of the primary tumor
correlates with specific tropism towards different organs !, Bone is the most common
site of metastasis, with around 70% of late-stage BC patients presenting bone metastatic
foci that lead to skeletal complications such as increased fracture risk, hypercalcemia
and severe bone pain 2,

Bone homeostasis is maintained through coupling of bone matrix deposition by
osteoblasts, cells of mesenchymal origin, and bone resorption by osteoclasts,
specialized multinucleated cells able to degrade old or damaged mineralized matrix 2,
Before and during colonization of bone, BC cells sequester the normal bone remodeling
process and shift it towards increased bone resorption 4. By secreting parathyroid
hormone-related protein (PTHrP) and prostaglandin E2 (PGEZ2), among other osteolytic
factors, BC cells promote osteoblast receptor activator of NF-kB ligand (RANKL)
upregulation and consequently increase osteoclast activity and bone degradation &4,
Osteoclast overactivation, on the other hand, leads to the release of embedded bone
matrix proteins such as TGF- and insulin-like growth factor (IGF) that fuel the growth of
BC cells and perpetuates a “metastatic vicious cycle” of bone destruction 51,

Other players might hold an important role on BC bone metastasis. Sympathetic nervous
system (SNS) activity is often exacerbated in several types of cancer ¢ 171 and multiple
pharmacological in vitro studies with human cells and murine ex vivo bone cultures have
implicated the SNS in extravasation and colonization of the bone in prostate cancer &
%1 The SNS is involved in the “fight or flight” response to stress and its main effector
neurotransmitters are the catecholamines norepinephrine and epinephrine, which are
released in sympathetic nerve terminals in target peripheral tissues or in the circulation
by the adrenal gland, respectively . Epinephrine and norepinephrine bind to a and B
adrenergic receptors (a/B-AR), a family of 9 receptors commonly expressed in bone cells
and BC cells 21, In particular, B-AR signaling has been associated to increased BC
metastatic spread, extravasation and extensive bone degradation, evidenced in
pharmacological in vitro murine BC and endothelial cell co-culture experiments as well
as in humanized bone metastatic BC models and BC xenograft denervation studies in

vivo 16822 Furthermore, epidemiologic studies have shown that B,-AR targeting drugs
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have potential benefits in BC patient survival and recurrence 2%, However, other
retrospective studies have found no significant correlation between the use of B.-AR
targeting drugs and improved BC survival 26281 and thus the effect of SNS activity in BC
survival and recurrence remains controversial. An improved understanding of the SNS
control of the role of BC in the modulation of the bone metastatic niche, in particular
through the B2-AR signaling, are urgently needed.

In this study, we characterized the epinephrine levels in the plasma of primary and
advanced BC patients. In addition, we focused on the effect of B.-AR signaling on the
crosstalk between BC cells and human osteoclasts/osteoblasts, mimicking interactions
occurring at earlier stages of BC and during metastatic colonization. Our findings
complement the current knowledge on the dynamics of adrenergic control of the
metastatic bone niche, highlighting the changes in proteomic profile that take place
during metastatic trait acquisition in BC. Careful consideration should be exercised

before using B2-AR targeting drugs in the clinical setting.
3.2.2. Materials and Methods
3.2.2.1. Materials

Isoproterenol hydrochloride (ISO, Cat#l6504) and ICI 118,551 (ICl, Cat#1127) were
purchased from Sigma-Aldrich. All cell culture media, penicillin/streptomycin solution
(pen/strep, Cat#15140122) and trypsin (0.25% w/v trypsin, 0.1% w/v glucose and 0.05%
EDTA in PBS, Cat#25200056) were purchased from Gibco, Thermo Fisher Scientific.
FBS was purchased from Biowest (Cat#S181B-500). Recombinant human macrophage
colony stimulating factor (rhM-CSF) and recombinant human RANKL (rhRANKL) were
purchased from R&D Systems (Cat#216-MC-025 and Cat#390-TN-010, respectively).
Epinephrine levels in the plasma of BC patients were quantified by ELISA (Abnova,

Cat#157KA1877) according to manufacturer’s instructions.
3.2.2.2. Human Patients

Peripheral blood samples from healthy donors (n=18), stage |A BC patients (n=18) and
stage IV BC patients (n=18) were collected at Instituto Portugués de Oncologia (IPO)
Porto. Briefly, peripheral blood was collected into EDTA-containing tubes and
centrifuged at 2000 rpm for 10 min at 4 °C. Plasma was immediately separated, aliquoted
into 1.5 mL tubes and properly stored at —80 °C until further use. All the procedures were
conducted following approval by the institutional ethics committee (Comiss&o de Etica
para a Saude, CES-IPOFG-EPE 019/08 and CES 120/015) and sample collection was
performed in accordance with the Declaration of Helsinki. Informed consent was

obtained from all individual participants included in the study.
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All stage IV BC patients presented distant site metastasis at diagnosis, being the bone
the most common site. Detailed description of the cohort (diagnosed between October
2015 and May 2018) is available in Table S1.

3.2.2.3. Cell culture
3.2.2.3.1 Parental and bone metastatic BC cell lines

Human Dbreast carcinoma cell line MDA-MB-231 (MDA-231 henceforth,
RRID:CVCL_VR35) and its bone tropic variant MDA-MB-231-BoM 1833 cell line (MDA-
1833 henceforth, RRID:CVCL_DP48) were obtained from Dr. Joan Massagué (Memorial
Sloan-Kettering Cancer Center, New York). Cells were expanded in standard T75 flasks
(Sarsted) in DMEM High Glucose with 10% FBS and 1% Pen/Strep at 37°C and 5% CO»

in a humidified incubator, changing medium twice a week until reaching 80% confluence.
3.2.2.3.2 Human primary osteoblasts

Human osteoblasts were obtained from patients undergoing hip or knee replacement
surgeries (following approval by the ethical committee in Hospital Sdo Joéo, protocol
number 143/19) as previously described 9. Informed consent was obtained from all
donors before collection. Briefly, trabecular bone was washed in PBS and cut into small
pieces, which were then vigorously shaken with PBS to completely remove the remaining
bone marrow. Seven to eight bone pieces were then placed in each well of a 6-well plate
and fixed in place with a metal grid to prevent movement during culture. Bone pieces
were cultured at 37°C and 5% CO: in a humidified incubator for 14 days in DMEM Low
Glucose (Cat#21885-108) supplemented with 10% FBS, 50 pg/mL ascorbic acid, 10 mM
B-glycerophosphate and 10 nM dexamethasone (Sigma-Aldrich, Cat#49752, Cat#G-
9891, Cat#D1756, respectively), changing medium at day 7. Cells began to migrate from
the bone to the culture plate after 7 days, and at 14 days of culture the metal grid and
bone pieces were removed. The outgrowth cells were expanded until confluence was

reached, changing medium twice a week.
3.2.2.3.3. Human primary osteoclasts

Human CD14+ monocytes were isolated from buffy coats of healthy female blood donors
as previously described E°. Briefly, Peripheral Blood Mononuclear Cells (PBMCs) were
separated using gradient centrifugation in Ficoll-Paque Plus (GE Healthcare, Cat#17-
1440-03). PBMCs were then ressuspended in 0.5% Biotin-free BSA (Sigma-Aldrich,
Cat#A4919) and 2 mM EDTA in PBS incubated in BD IMagTM anti-human CD14
magnetic particles (BD-Biosciences, Cat#557769) and magnetically separated

according to manufacturer's instructions. CD14" cells were seeded in T75 flasks in a-
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MEM (Cat#41061-029) supplemented with 10% FBS, 1% pen/strep (Osteoclast Medium)
and 25 ng/mL of rhM-CSF at 5% CO: at 37 °C in a humidified incubator. After 2 days,
media was changed to Osteoclast Medium supplemented with 25 ng/mL rhM-CSF and
25 ng/mL rhRANKL and cells were cultured for up to 7 days, changing media twice, until
cells were morphologically differentiated.

3.2.2.4. Functional studies
3.2.2.4.1. Activation of B>-AR signaling in BC

MDA-231 and MDA-1833 cells were seeded at a density of 10* cells/cm? and left to
proliferate for 24 h. Cells were then serum-starved and stimulated with the $-AR agonist
ISO (1uM) or with PBS as a vehicle control. To block B2-AR activation, the selective B2-
AR antagonist ICI (1uM) was added 45 min prior and also simultaneously as I1SO to
ensure complete blockage of the signaling (Figure S1). These concentrations promoted
cAMP accumulation in B2-AR expressing cancer cells, and ICI addition completely
blocked 2-AR signal transduction (Figure S2). Cells were incubated for 24h after which
conditioned media was collected, centrifuged at 4°C at 400 g to pellet cell debris and

frozen at -80°C until further use.
3.2.2.4.2 Osteoclast differentiation following exposure to BC cell secretome

At day 5 of culture, pre-osteoclasts were detached with Accutase (Gibco, Cat#A11105-
01) for 10 min at 37°C, centrifuged and seeded in 96-well tissue culture polystyrene
(TCPS) (Orange Scientific) plates at a density of 50 000 cells/well in Osteoclast Medium
with 25 ng/mL rhM-CSF and rhRANKL. Cells were left to adhere for 4h and were
stimulated with BC cell secretome at a 1:1 ratio (Osteoclast Medium : BC secretome),
supplemented with 25 ng/mL rhM-CSF and rhRANKL. Osteoclasts were left to
differentiate until day 9. Medium/Secretome was changed on day 7 of culture.

After exposure to BC secretome, osteoclast differentiation was assessed. Cells were
washed with PBS and fixed in 4% paraformaldehyde (PFA, Cat#158127) for 10 min at
room temperature (RT). Following another washing step with PBS, cells were
permeabilized with cold 1% (v/v) Triton X-100 (Sigma-Aldrich, Cat#X100)) in PBS for 5
min. Unspecific binding was then blocked with 0.1% BSA (Sigma-Aldrich, Cat#05482)
solution in PBS for 1 h at 37°C. Samples were incubated with HCS CellMask™ Deep
Red Stain (Invitrogen, 1:20000 dilution, Cat#H32721) and counterstained with DAPI
(Sigma-Aldrich, 1:1000 dilution, Cat#D9542) for 1 h at RT protected from light. Samples
were washed twice with PBS to remove excess staining and kept at 4°C until imaging.
Images were acquired using an IN Cell Analyzer 2000 (GE Healthcare) high content

screening imaging system. 6 images per well were randomly acquired, on the DAPI and
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Cy5 channel, with a Nikon 10X/0.45 Plan Apo objective. After image acquisition, a Pixel
Classification workflow of the llastik toolkit (v. , RRID:SCR_015246) B was used for
osteoclast cytoplasm and nuclei segmentation with o values of 0.7, 1.0, 1.6 and 3.5 for
the Gaussian Smoothing feature and 0.7, 1.0 and 1.6 for the remaining features:
Laplacian of Gaussian, Gaussian Gradient Magnitude, Difference of Gaussian, Structure
Tensor Eigenvalues and Hessian of Gaussian Eigenvalues. Up to 15 images were used
in the Pixel Classification training, and batch processing of the images generated
probability maps used later for segmentation. Next, both raw nuclei and cytoplasm
images as well as llastik generated probability maps were uploaded into CellProfiler™
(v. 4.0.6., RRID:SCR_007358) 2. A workflow was built in order to identify the nucleus
and cytoplasm of all cells. Briefly, nuclei were segmented by manual thresholding applied
to the previously generated probability masks. Then, the cell cytoplasm was segmented
with the same method through a propagation algorithm of the cytoplasm mask starting
from the segmented nuclei until the edges of the cytoplasm map. Cell cytoplasm and
correspondent nuclei were matched and the analysis pipeline ended with an automatic
reporting of the number of cells and nuclei per cell detected on each image (Figure S3).
The number of osteoclasts with more than three nuclei was then quantified for each

condition.
3.2.2.4.3. Osteoclast resorption following exposure to BC cell secretome

The effect of BC cell secretome on osteoclast resorption was performed in osteoclast
monocultures or osteoclast/osteoblast co-culture experiments. After 9 days of culture,
mature osteoclasts were detached with accutase for 10 min at 37°C, centrifuged and
seeded on top of 0.4mm thick bone slices (boneslices.com) at a density of 50 000 cells
per well in Osteoclast Medium with 0.5% FBS supplemented with 25 ng/mL rhM-CSF,
being left to adhere for 4 h.

For osteoblast co-culture experiments, osteoblasts were detached with Accutase for 10
min, centrifuged and seeded on top of the bone slices with the seeded osteoclasts at a
density of 12 500 cells/well in Osteoclast Medium with 0.5% FBS supplemented with 25
ng/mL rhM-CSF.

Osteoclasts mono-cultures or co-cultures with osteoblasts were then stimulated with BC
secretome and Osteoclast Medium with 0.5% FBS at a 1:1 ratio, supplemented with 25
ng/mL rhM-CSF. Secretome stimulation was performed only once and culture was
maintained for 3 days. In the end of culture, conditioned medium of osteoclasts was
collected and centrifuged at 4°C at 400 g for 5 min, and stored immediately at -80°C.
For resorption quantification, bone slices were washed with deionized water and

scrapped with cotton swabs to remove the cells from the bone surface. Osteoclast
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resorption events were stained with toluidine blue (Sigma-Aldrich, Cat#89640). The
entire bone surface was analysed using a G50 100 point graticule (Pyser Optics,
Cat#01A20.4075) installed on the ocular of an BH-2 optical microscope (Olympus) as
previously described 3. Briefly, each intercept of a graticule point with a resorption event
was counted as a hit, and the total number of hits throughout the bone surface were
counted using the graticule as a frame (using a total of 16-17 graticules per bone slice).
The total percentage eroded surface was estimated by dividing the total number of hits
by the number of graticule grids used for the quantification. Individual resorption events
were divided in two resorption types, pits and trenches. Pits are single, circular
excavations with well-defined edges while trenches are elongated and continuous
grooves with a length/width ratio equal or greater than two B4, The percentage of
trenches per total events was used to compare individual experiments independently of

eroded surface variations. Samples were blinded before eroded surface quantification.
3.2.2.5. TRACP activity quantification

The activity of tartrate resistant acid phosphatase (TRAcP) present in the conditioned
medium of osteoclast cultures was colorimetrically quantified. p-nitrophenyl phosphate
(Merck, Cat#4876) was added in the presence of 25 nM sodium tartrate (Merck,
Cat#1066640100) to the osteoclast conditioned medium as previously described %,
Absorbance was read at 405 nm using a Synergy Mx (BioTek) plate reader. For
normalization, total protein concentration was quantified using the DC Protein Assay

(Bio-Rad, Cat#5000116) according to the manufacturer’s instructions.
3.2.2.6. Quantitative real-time PCR (gRT-PCR) analysis

MDA-231 and MDA-1833 cells were seeded in T75 flasks (Sarsted) and cultured as
described above. When 80% confluence was reached, cells were washed with PBS and
lysed with Trizol (Invitrogen, Cat#15596-018) and kept on ice. Total RNA was extracted
using the Direct-zol™ RNA miniPrep according to the manufacturer’s protocol (Zymo
Research, USA, Cat#ZY-R2052). RNA final concentration and purity (OD2eor280) Was
determined using a NanoDrop 2000 instrument (NanoDrop Technologies). RNA was
reverse transcribed into cDNA using the NZY First-Strand cDNA Synthesis Kit
(NZYTech, Cat#MB12501), according to the manufacturer's protocol. gRT-PCR
experiments were run using an iCycler iQ5 PCR thermal cycler (Bio-Rad Laboratories)
and analysed with the iCycler IQ™ software (Bio-Rad). A personalized PrimePCR array
(Bio-Rad Laboratories) was designed to analyze the range of adrenergic receptors.
Target gene expression was quantified using the cycle threshold (Ct) values and relative

MRNA expression levels were calculated as follows: 2~(Ct reference gene - Ct target
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gene). Human B2-microglobulin (32M) and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) were used as reference genes. Both target and reference genes were
amplified with efficiencies between 100 + 5%.

3.2.2.7. Immunocytochemistry

For B2-AR immunocytochemistry, MDA-231 and MDA-1833 cells were cultured in a multi-
well pSlide (lbidi) until semi-confluence, after which they were washed twice with PBS
and fixed with 4% PFA for 10 min. After another wash with PBS, cells were permeabilized
with cold 1% (v/v) Triton X-100 in PBS for 5 min. Unspecific binding was then blocked
with 0.1% BSA solution in PBS for 1 h at 37°C. Cells were incubated with a polyclonal
rabbit anti-B>-AR (ProteinTech, Cat#13096-1-AP, RRID:AB_2225401) in a dilution of
1:100 in 0.1% BSA/PBS solution overnight at 4°C. Excess antibody was washed with
PBS and cells were then incubated with donkey anti-rabbit AlexaFluor 568
(ThermoFisher, 1:1000 dilution, Cat#A10042, RRID:AB_2534017) for 30 min at RT. After
washing excess antibody with PBS, cells were counterstained with DAPI solution in PBS
(1:2000 dilution) for 5 minutes. Samples were kept in PBS at 4°C in the dark until image
acquisition. Images were acquired in a SP2 confocal microscope (Leica). Representative
images were taken with a 40x objective at a resolution of 2048x2048 pixels. Brightness
was adjusted with ImageJ software.

3.2.2.8. Western Blot

For protein collection, BC cells were cultured seeded at a density of 10* cells/cm? and
left to proliferate until reaching ~80% confluence. Cells were then washed in cold PBS
and lysed with cold RIPA buffer together with protease and phosphatase inhibitors
(Sigma-Aldrich, 1:100 dilution, Cat#P8340 and Cat#P5726) for 30 min on ice with on an
orbital shaker. Lysate was collected and sonicated with three cycles of 3 s each. Samples
were then centrifuged at 13 000 g for 10 min at 4°C to pellet cell debris. Protein in the
supernatant was then quantified using a DC Protein Assay Kit (Bio-Rad). 15 ug of protein
from each cell lysate were prepared in non-reducing loading buffer and denatured for 5
min at 95°C. Protein lysates were then loaded and resolved in pre-cast Bolt™ 10%
polyacrylamide gels (Invitrogen, Cat#NW00105BOX). Separated proteins were then dry-
transferred to nitrocellulose membranes using an iBlot 2 dry blotting system
(ThermoFisher). Membranes were then blocked with 5% non-fat dry milk solution for 1 h
at RT, followed by incubation in primary rabbit B2>-AR antibody (ProteinTech, Cat#13096-
1-AP, RRID:AB_2225401) at 1:1000 dilution in 5% milk solution overnight at 4°C with
gentle agitation. Membranes were incubated with HRP-conjugated anti-rabbit secondary
antibody (Santa Cruz Biotechnology, 1:10000 dilution, Cat#sc-2030, RRID:AB_631747)
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for 1h at RT under gentle agitation, followed by incubation in ECL substrate (GE
Healthcare, Cat#1705061) and chemiluminescence detection for 10 s with
autoradiographic films (GE Healthcare). Films were scanned on a GS-800 imaging
densitometer (Bio-Rad).

3.2.2.9. Proteomic analysis

Conditioned medium from three replicate samples of MDA-231 or MDA-1833 treated with
ISO as described in previous sections was collected and centrifuged at 300 g for 5 min
to pellet cellular debris. Conditioned media was then transferred to micro tubes and
protein concentration was measured as described above. 50 pg of protein from each
condition was processed using the solid-phase-enhanced-sample-preparation (SP3)
protocol, as previously described ¢, followed by enzymatic digestion overnight with
trypsin/LysC (2 micrograms) at 37 °C and 1000 rpm.

Protein identification was carried out by nano Liquid Chromatography coupled with Mass
Spectrometry (LC-MS/MS) and data was analyzed with Proteome Discoverer software
(Thermo Scientific, v2.4) as described by Osorio et al B, Protein abundances were used

to compare between conditions.
3.2.2.10. Statistics

The data and statistical analysis comply with the recommendations of the British Journal
of Pharmacology on experimental design and analysis in pharmacology 8. All
experiments with primary human cells were performed at least five times. Five replicates
were used in resorption and TRACP activity quantification, while for differentiation
quantification three replicates were used since six images were generated for each
replicate. Experiments were randomized and data from resorption experiments was
single blinded (blinded by D.M.S. and quantified by F.C. and S.T.), while differentiation
was quantified by F.C. and S.T. in an unsupervised fashion using an algorithm described
above. gRT-PCR and proteomic screening experiments were performed with three
independent experiments due to the small variability inherent of the use of cell lines.

Non-parametric paired Friedman’s test followed by Dunn’s multiple comparisons test
were used to compare between conditions unless otherwise stated. Multiple
comparisons were only performed if the test was statistically significant. Differences
between groups were considered significant when *p<0.05, **p<0.01, **p<0.001. Data
analysis was performed using GraphPad Prism software v.9.2.0. for Windows
(GraphPad Software, RRID:SCR_002798). Comparison between clinical parameters of

BC patients was performed using cross-tabulation analysis with the x2-test for trend or
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Fisher's exact test using GraphPad Prism v9.2.0. No data was excluded unless
otherwise stated, and all outliers were included in the analysis.

In the proteomic screening, protein abundances were compared between conditions with
t-student test using Proteome Discoverer Software (Thermo Scientific, v2.4,
RRID:SCR_014477). Heat maps and volcano plots comparing protein abundance
between conditions were built with GraphPad v9.2.0. Only proteins that were present in
every replicate of at least one condition were considered. Networks of biological
processes associated to deregulated proteins between groups were constructed using
the ClueGO plugin (v2.5.8, RRID:SCR_005748) from the Cytoscape software 2% (v3.9.0,
RRID:SCR_003032) with the following parameters: GO Biological Processes ontology
and “All Evidence” were selected; two sided hypergeometric test and Bonferroni step
down statistical options were used and only pathways with p<0.05 were shown; Minimum
and maximum tree intervals were 3-6, with a minimum number of three genes; and 4%
of genes selected for Gene Ontology terms, with a kappa score of 0.4. In proteomic data,
P-values and abundance ratios in heat maps and volcano plots were normalized in order
to properly depicted (logio for p-values and log. for abundance ratios).

Principal component analysis (PCA) was performed with the Proteome Discoverer
Software. Protein enrichment analysis was performed with WebGestalt toolkit
(RRID:SCR_006786) 9. Over-Representation Analysis (ORA) was used to analyze
each set of deregulated proteins with the following conditions: the minimum and
maximum number of genes was 5 and 2000, respectively; significance was set to p<0.05
with adjustments following the Benjamini-Hochberg method; Gene Ontology (Biological
Process, Cellular Component, Molecular Function), Pathway (Kyoto Encyclopedia of
Genes and Genomes, Panther, Reactome and Wikipathway) and disease (Disgenet,
GLAD4U and OMIM) functional databases were considered for the analysis.

3.2.3. Results

3.2.3.1. Primary and advanced BC patients exhibit increased plasma epinephrine

levels

We used the circulating epinephrine levels as a measure of the sympathetic tone in the
plasma of primary (Stage 1) and advanced (Stage IV) BC patients. We first characterized
our study population according to several clinical parameters and found significant
differences in tumor grade and age between primary and advanced BC patients, with no
differences in menopausal status and tumor molecular subtype (Table ). Subsequently,
we proceeded to compare plasma epinephrine levels of BC patients and healthy donors
and found that both groups of BC patients displayed significantly increased levels of

plasma epinephrine (Figure 1a). Interestingly, there is an exacerbation of circulating
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epinephrine release as the disease is established but no significant differences were
found between primary and advanced BC patients. Furthermore, although most of the
patients were diagnosed after menopause, no apparent clusters were observed

when matching epinephrine levels and menopausal state (Figure 1b). Similarly, when
comparing the epinephrine levels of advanced BC patients displaying only bone
metastasis with patients with multiple metastatic sites, variation in epinephrine levels was
independent of the metastatic site (Figure 1c).

Table I. Clinical parameters of donors/BC patients included in our study

vaable ety Siage pC SHOENEC e
Age
<65 16 8 15 0.0354
265 2 10 3
Primary tumor grade
T1 18
T2 4
T3 5 <0.0001
T4 4
N/A 5
Menopause
Pre-Menopause 3 6 0.4430
Post-Menopause 15 12
Molecular Subtype
Luminal A 7 8
Luminal B 8 8 0.3416
HER2 2
N/A 3

N/A — Not available

Since epinephrine binds to all ARs, the augmented levels of epinephrine in BC patients
could affect BC cellular behavior. Thus, prior to in vitro functional studies, we proceeded
to screen the expression of ARs in representative cell lines of primary and metastatic
BC, MDA-231 and MDA-1833 respectively (Figure 1d). MDA-1833 are variants of the
MDA-231 cell line that metastasize specifically to bone and were previously
characterized “Y. Gene and protein expression of B2-AR in MDA-MB-231 and MDA-1833
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cells showed that these cells predominantly express B2-AR and are therefore responsive

to sympathetic stimuli (Figure 1e,f). Uncropped western blot can be found in Figure S4.
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Figure 6. Adrenergic status of BC patients and cell lines. (a) Epinephrine plasma levels
of BC patients. Data from 18 donors/patients for each condition is expressed as box-
whiskers plot (Kruskal-Wallis test with Dunn’s multiple comparison test, ns — non
significant, *p<0.05,***<0.001). (b) Epinephrine plasma levels of BC patients clustered
by menopausal state. Data is expressed as the median of individual data points. (c)
Epinephrine plasma levels of stage IV BC patients clustered by distant metastasis sites.
Data is expressed as the median of individual data points. (d) Normalized gene
expression of ARs in primary MDA-231 and metastatic MDA-1833 cell lines performed
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by real time PCR. (e) Representative micrograph of the expression of B,-AR on MDA-
231 cells (left) and MDA-1833 cells (right) by immunocytochemistry. Nuclei — blue; B.-
AR — green. Scale bar - 50um. (f) Expression of B>-AR on MDA-231 and MDA-1833 cells
by Western Blot. Original blot can be found in Figure S4.

3.2.3.2. B-AR signaling induces a shift in parental MDA-231 protein secretion
towards osteoclastogenesis inhibition

BC cells were previously reported to induce changes in bone metabolism at a distance
while still in the primary tumor site 1. Thus, we asked whether B.-AR signaling could
modulate BC protein expression and affect bone metabolism. Using a proteomic
approach, we screened the secretome of MDA-231 treated with the B-AR agonist ISO
and compared its proteomic profile with the one from MDA-231 treated with vehicle
control (Figure 2a). We detected a total of 64 proteins with significant deregulated
expression (28 of them were upregulated and 36 downregulated in ISO treated MDA-
231 cells) (Figure 2b, Table S2). Gene ontology network analysis as well as ORA showed
that deregulated proteins were significantly associated with biological processes
involved in extracellular matrix remodeling (Figure 2c,d).

When analyzing the set of proteins identified, we found that known osteoclast inhibitors
Stanniocalcin-1 (STC-1) ¥2 and Clusterin (Clu) “3 were upregulated in 1ISO treated MDA-
231 cells. Conversely, osteoclastogenesis promotors cellular communication network 2
(CCN2) “4 and annexin 1l (ANXA2) ¥ were downregulated with 1ISO treatment (Figure
2b). These results suggest that MDA-231 secretome under B-AR signaling might

modulate osteoclastogenesis and could impact bone cell metabolism.

118



(a) Control  1SO (b) 20—

CDHE

MCFD2 STC1

IGFBP1 o 15 ] [ soe o .
ALDOB S -
MAN2B1 ©
sTC1 > .
PLAU o 404
ABCA1D o .
VNNT - .
FABP1 g’ ) H
TARS1 - . L
BRDY v 5 ¢
cenz .8 -
IGFBP4 - <Ly
PTK2B ANXAZ
wasHes T T T T T T T T T T
PRC1
cLu 5 0 5
SERPINE4 .
eTsL log2 Ratio
TPR
HOOK3
DDX39A
CTSD (C)
C6 o
PLAUR .
H2BC21 N -
SRGN N zymogen activation
IGFEPT
8TO1 negative regulation lmnnﬂ’l\ muse cell
migration
PEXA of hemostasis S
NCAN )
CPPED1
SLC25A13
™ W by
psct regulation of
smooth muscle cell
KRT10 migration
KRTS
LMNA
SERPINE1 regulstion of actin
cytoskeleton gornification  coll
6PN v reorganization
KRT1 releasd of
cytochrome'c from . §
MHP1 mitochondria positive r:nu\allun
NPM1 o
CENPE receptor-mediated
endocytosis
MAN2AT
KISS1
ceNz
ANXAZ (d)
ARHGDIA
coLeAz
FBP1 | DR <005 DR~ 0.05
Vim
EIFSAL1
KRT14 collagen metabolc process
ADHS regulation of response to wounding
ATPSF1A
TERT manosaccharide metabolic process
ANPEP aang
GoT1
AKAP13 response to axygen levels
HADHB neutrophil mediated immunity
COL9AT | ]
PLXNBZ granulosyte activation
WPS45 extracellular structure organizaton
response to matal ion
. . angiogenesis
2 4 & 8 10 12 14 16 18

0
Enrichment rati

a0 1
Figure 7. Proteomic screening of MDA-231 conditioned media under B2-AR activation.
(a) Heatmap depiction of significantly deregulated proteins found in conditioned medium
from control or ISO treated MDA-231 cells (Student-t test, p<0.05). The ratio of protein
abundances was color coded as shown in the legend. Data from three independent
samples is shown, one sample per column. Gray cells represent proteins not detected in
a particular sample. (b) Volcano plot distribution of significantly deregulated proteins. The
ratio between protein abundances between MDA-231 cells treated with ISO and control
samples is plotted on the X axis, and p-value is plotted on the Y axis. Red dots represent
proteins with a fold change = 1.5, while purple dots represent proteins represent proteins
with a fold change < -1.5. (c) Gene ontology biological processes network analysis of
differentially expressed proteins in ISO treated MDA-231 cells. Only networks with
p<0.05 were shown (Two sided hypergeometric test and Bonferoni step down
correction). Different colors illustrate different biological processes while the size of the

nodes is proportional to the statistical significance of each process. (d) Significantly

119



enriched biological process terms in the group of deregulated proteins in ISO treated
MDA-231 cells. ORA was used and only processes with false discovery rate of <0.05

were shown.

3.2.3.3. Secretome from primary MDA-231 cells under 2-AR activation impairs
osteoclast differentiation and resorption activity

Since the expression of proteins known to be involved in bone metabolism was
modulated after B-AR activation, we next proceeded to verify if the changes in proteomic

profile translated into functional significance.
3.2.3.3.1. Osteoclast monocultures

First, in order to ascertain the effect of MDA-231 secretome on osteoclast differentiation,
human pre-osteoclasts were incubated with the secretome of MDA-231 cells. Human
mature osteoclast number and area were then quantified (Figure 3a). Consistent with the
proteomic screening results, the secretome of MDA-231 cells treated with 1ISO led to a
significant decrease in osteoclast numbers (cells with more than 3 nuclei) when
compared to controls (Figure 3b,c). B>-AR signaling was directly implicated in the
observed effect since osteoclast numbers were no different from controls when ICI, a
specific B2-AR antagonist, was added to MDA-231 together with ISO (Figure 3b,c).
Coherent with the osteoclast differentiation quantification, osteoclast specific cathepsin
K gene expression followed the same profile after stimulation with ISO treated MDA-231
secretome (Figure S5). On the other hand, when comparing the area of osteoclasts in
the different conditions, no differences were observed (Figure 3d).

Since BC secretome could also directly affect the resorption activity of osteoclasts after
they are matured and fully functional, we proceeded to incubate mature osteoclasts with
MDA-231 secretome and quantified the extent of bone resorption in the absence of
RANKL (Figure 3e). Similarly to the osteoclastogenesis assays, we observed a
significant decrease in resorption activity when osteoclasts were incubated with the
secretome from MDA-231 cells treated with 1ISO (Figure 3f,g). This effect was mediated
by B2-AR since the addition of ICI abrogated this effect. Osteoclasts are able to resorb
the bone surface through two characteristic modes of resorption: they resorb the bone
while being static or while moving through the surface of the bone, generating resorption
pits or trenches, respectively [“6l. Resorption trench mode is inherently faster and favors
bone fragility B%, and therefore differences in trench content could reflect changes in
osteoclast aggressiveness. No significant differences were found in trench resorption

content when comparing between conditions (Figure 3h). The observed decrease in total
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resorption was partially due to changes in TRACP activity, an osteoclast-specific enzyme

involved in collagenolysis (Figure 3i).
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Figure 8. Effect of MDA-231 conditioned medium on osteoclast differentiation and
resorption activity. (a) Timeline of the osteoclast differentiation assay. Pre-osteoclasts
are seeded after five days of culture and stimulated with MDA-231 cell conditioned media
for four more days, changing the media at day 7. (b) Representative micrographs of
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differentiated osteoclasts stained with HCS CellMask Deep Red Stain. Scale bar — 100
um. (c) Osteoclast number and (d) area after four days of MDA-231 conditioned media
stimulation. Osteoclasts with three or more nuclei were included in the analysis. Data is
expressed as median of individual data points from 6 independent experiments
(Friedman’s test followed by Dunn’s multiple comparisons test, ***p<0.001). (e) Timeline
of the resorption assay. Osteoclasts are differentiated for nine days and seeded on top
of bone slices, followed by incubation with MDA-231 cell conditioned medium for another
three days. (f) Representative micrographs of the surface of bone slices after three days
of resorption. Scale bar - 200um. (g) Estimated percentage of eroded surface, (h) trench
percentage per total eroded surface and (i) TRACP activity quantified at the end of the
experiment. Data is expressed as median of individual data points from 6 independent

experiments (Friedman'’s test followed by Dunn’s multiple comparisons test, *p<0.05).

3.2.3.3.2. Osteoblast-osteoclast co-cultures

In the bone microenvironment, osteoclasts receive input from neighboring osteoblasts
that promote osteoclast differentiation and activation. Aiming to replicate this interaction,
a co-culture of mature human osteoclasts and human osteoblasts was established.
Osteoblasts were positive for the osteoblast marker alkaline phosphatase (ALP) and
several calcium deposits were observed by alizarin red staining after 14 days of culture
(Figure S6). We confirmed that these cells expressed RANKL and were able to increase
osteoclast resorption activity in several independent experiments (Figure S6). Osteoclast
and osteoblast co-cultures were exposed to the secretome from ISO treated MDA-231
cells and bone resorption activity was evaluated (Figure 4a). Contrarily to what was
observed in osteoclast monocultures, no statistically significant differences were
observed between conditions in total resorption activity (Figure 4b,c), trench percentage
(Figure 4d) and also TRACP activity (Figure 4e). Therefore, our results suggest that the
supply of RANKL by osteoblasts in the co-culture model rescued the resorption activity

of osteoclasts.
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Figure 9. Effect of MDA-231 secretome on osteoclast/osteoblast co-culture. (a) Timeline
of the resorption assay in a co-culture setting. Mature osteoclasts were seeded with
osteoblasts and exposed to MDA-231 conditioned media for three days. (b)
Representative micrographs of the surface of bone slices after three days of resorption
in co-cultures. Scale bar - 200um. (c) Estimated percentage of eroded surface, (d) trench
percentage per total eroded surface and (e) TRACP activity quantified at the end of the
co-culture experiment. Data is expressed as median of individual data points from 6
independent experiments (Friedman’s test followed by Dunn’s multiple comparisons test,
*p<0.05).

3.2.3.4. Secretome of bone tropic MDA-1833 under B2-AR activation does not

affect human osteoclast differentiation and resorption activity

Bone is a highly innervated tissue and sympathetic neurons are found across the
periosteum and around blood vessels in the bone marrow 7. In addition, bone marrow
resident cells were reported to express tyrosine hydroxylase (TH) and synthesize
catecholamines & %%l Therefore, in addition to the increased epinephrine levels in the
plasma of metastatic BC patients, local production of catecholamines might also
contribute to the development of metastatic foci during BC bone metastasis. It is then of
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crucial importance to understand how the adrenergic sighaling modulates the bone

metastatic niche.
3.2.3.4.1. Osteoclast monocultures

During the course of extravasation and metastasis, BC cells acquire a set of
characteristics that differ from the primary tumor. In order to ascertain whether bone
tropic cells elicit different outcomes in osteoclast differentiation than its parental
counterpart, pre-osteoclasts were exposed to B.-AR primed MDA-1833 secretome in a
similar experimental layout as previously done with MDA-231 cells (Figure 5a). Contrarily
to the effect of MDA-231 cells, secretome from ISO treated MDA-1833 cells did not affect
the number of osteoclasts nor osteoclast area (Figure 5b,c,d).

Following the same reasoning as in MDA-231 secretome experiments, we proceeded to
gquantify mature osteoclast resorption activity under the effect of MDA-1833 secretome
instead (Figure 5e). No differences were observed in the percentage of eroded surface
when comparing the effect of ISO treated MDA-1833 secretome with respective controls
(Figure 5f,g). However, ISO treated MDA-1833 secretome significantly blunted the ability
of osteoclasts to resorb in trench mode in a B.-AR dependent fashion (Figure 5h).
Nonetheless, this was not due to changes in osteoclastic TRACP activity since no

significant differences were found between conditions (Figure 5i).
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Figure 10. Effect of MDA-1833 conditioned medium on osteoclast differentiation and

resorption activity. (a) Timeline of the osteoclast differentiation assay. Pre-osteoclasts

are seeded after five days of culture and stimulated with MDA-1833 cell secretome for

four more days, refreshing the media at day 7. (b) Representative micrographs of
differentiated osteoclasts stained with HCS CellMask Deep Red Stain. Scale bar — 100

um. (c) Osteoclast number and (d) area after four days of MDA-1833 secretome

stimulation. Osteoclasts with three or more nuclei were included in the analysis. Data is
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expressed as median of individual data points from 6 independent experiments (Kruskal-
Wallis test). One data point from the CTRL condition was excluded due to a technical
error. (e) Timeline of the resorption assay. Osteoclasts are differentiated for nine days
and seeded on top of bone slices, followed by incubation with MDA-1833 cell secretome
for another three days. (f) Representative micrographs of the surface of bone slices after
three days of resorption. Scale bar - 200um. (g) Estimated percentage of eroded surface,
(h) trench percentage per total eroded surface and (i) TRACP activity quantified at the
end of the experiment. Data is expressed as median of individual data points from 5
independent experiments (Friedman'’s test followed by Dunn’s multiple comparisons test,
*p<0.05).

3.2.3.4.2. Osteoblast-osteoclast co-cultures

Our findings show that the secretome of MDA-1833 under (,-AR activation did not
significantly impact human osteoclast differentiation, although we could observe
changes in trench resorption events. We then asked if RANKL producing osteoblasts
would change the dynamic of the interaction between MDA-1833 conditioned medium
and osteoclasts (Figure 6a). Similarly to osteoclast monocultures, conditioned medium
from 1SO treated MDA-1833 did not induce changes in osteoclast resorption activity in a
osteoblast/osteoclast co-culture setting (Figure 6b,c). However, osteoblasts rescued the
normal trench forming ability of osteoclasts since no changes in trench percentage were
observed when ISO treated MDA-1833 secretome was used in a co-culture setting
(Figure 6d). Furthermore, similarly to osteoclast monocultures, no significant differences
in TRACP activity were observed at the end of the experiment (Figure 6e).

In conclusion, secretome from MDA-1833 cells under B2-AR activity led to a decreased
osteoclast aggressiveness evidenced by a reduction in trench resorption percentage but
not in terms of total area of resorption events. This was only seen in osteoclast
monocultures, since in presence of osteoblasts no differences were observed.

Furthermore, MDA-1833 secretome did not affect osteoclast differentiation.
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Figure 11. Effect of MDA-1833 secretome on osteoclast/osteoblast co-cultures. (a)
Timeline of the resorption assay in a co-culture setting. Mature osteoclasts were seeded
with osteoblasts and exposed to MDA-1833 conditioned media for three days. (b)
Representative micrographs of the surface of bone slices after three days of resorption
in co-cultures. Scale bar - 200um. (c) Estimated percentage of eroded surface, (d) trench
percentage per total eroded surface and (e) TRACP activity quantified at the end of the
co-culture experiment. Data is expressed as median of individual data points from 6

independent experiments (Friedman’s test).

3.2.3.5. Bone tropic MDA-1833 and its parental counterpart MDA-231 express
different levels of osteoclastogenic factors under f2-AR activation

Functional studies on osteoclast activity showed that, contrarily to the parental MDA-231
cells, bone tropic MDA-1833 cells do not impair osteoclast differentiation and activity. In
order to understand what was driving these different outcomes, we first asked what were
the main differences between both cell lines regarding protein expression under 3,-AR
activation. Proteomic screening of ISO treated MDA-1833 secretome was performed and
compared to the secretome from ISO treated MDA-231 cell lines (Figure 7a,b). 69
proteins were significantly deregulated between ISO treated MDA-1833 and MDA-231
cell lines (31 upregulated and 38 downregulated proteins in ISO treated MDA-1833)
(Figure 7c, Table S3). Of note, the proteins identified in proteomic analysis of ISO treated
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MDA-231 cells STC-1 and CCN2 were also differentially expressed between 1SO treated
MDA-1833 and ISO treated MDA-231 secretome. In addition, insulin-like growth factor
binding protein 7 (IGFBP7) and cystatin C (CST3), proteins previously described to
inhibit osteoclastogenesis % 51 were downregulated in MDA-1833 samples. These
results are consistent with the previous functional assays and emphasize the differential
response to B2-AR signaling in the parental cell line MDA-231 and the bone tropic cell
line MDA-1833. Furthermore, proteins that were differentially expressed in parental and
bone tropic BC cell lines under 3.-AR signaling were associated to biological processes
such as platelet degranulation, extracellular structure organization and immune
modulation (Figure 7d,e).
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Figure 12. B2-AR signaling leads to different outcomes in parental MDA-231 or bone
tropic MDA-1833 cells. (a) Heatmap depiction of significantly deregulated proteins found
in conditioned medium from control or ISO treated MDA-231 and MDA -1833 cells
(Student-t test, p<0.05). The ratio of protein abundances was color coded as shown in
the legend. Data from three independent samples is shown, one sample per column.
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Gray cells represent proteins not detected in a particular sample. (b) PCA of deregulated
proteins between MDA-231 and MDA-1833, both in control and ISO treated conditions.
(c) Volcano plot distribution of significantly deregulated proteins in 1ISO treated MDA-
1833 and ISO treated MDA-231 samples. The ratio between protein abundances
between ISO MDA-1833 cells and ISO MDA-231 cells is plotted on the X axis, and p-
value is plotted on the Y axis. Red dots represent proteins with a fold change < 1.5, while
purple dots represent proteins represent proteins with a fold change < -1.5. (d)
Significantly enriched biological process terms in the group of deregulated proteins in
ISO treated MDA-1833 and ISO treated MDA-231 cells. ORA was used and only
processes with false discovery rate of < 0.05 were shown. (e) Gene ontology biological
processes network analysis of differentially expressed proteins in ISO treated MDA-1833
and 1SO treated MDA-231 cells. Only networks with p<0.05 were shown (Two sided

hypergeometric test and Bonferoni step down correction).

3.2.4. Discussion

Metastatic dissemination of BC cells from the primary tumor to distant sites is the main
cause of death of BC patients, being the bone the most common site of metastasis.
Potential benefits of B2-AR targeting were pointed out by several pre-clinical and
epidemiological studies 62352 put other epidemiological studies report no such benefits
in larger patient cohorts 25281, Therefore, the effects of adrenergic signaling on BC are
still controversial. In this study, using a combination of clinical data, proteomic screening
and in vitro functional assays with human primary cells, we investigated the effect of
sympathetic signaling in the crosstalk taking place between either parental or metastatic
BC cells and bone cells.

Increased sympathetic tone in circulation is frequent in several types of cancers such as
gastric and head and neck cancers 8 17 and is also described in common surgical
procedures during BC treatment 3. Plasma catecholamine concentration was
previously correlated with the occurrence of pain and depression symptoms in BC
patients ®4, and in turn depression was shown to promote prostate cancer metastasis
551 Similarly, we observed augmented levels of epinephrine both in primary and
advanced BC patients, pointing towards sympathetic modulation of BC during the course
of the disease.

Some limitations apply to our clinical study. Age-specific differences between groups
cannot be excluded since primary BC patients were significantly older than advanced

BC patients and healthy donors. Furthermore, access to patient medication and co-
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morbidities at the time of diagnosis and blood collection was limited, and obesity and
diabetes as well as the intake of antihypertensive, analgesic or anxiolytic drugs could
affect catecholamine synthesis or release into the circulation®¢%%, These limitations
could be addressed in a larger, randomized clinical trial with patients matched for co-
morbidities and treatment regimens.

The increased epinephrine content during BC establishment and progression that we
observed highlight the need of a better understanding on the role of the SNS activity in
BC progression and bone metastasis. In particular, B.-AR signaling was reported to be
the major contributor for BC metastasis in in vivo models of chronic stress and SNS
hyperactivity 6 6162, Therefore, we focused on high B2-AR expressing parental MDA-231
and bone tropic MDA-1833 cells to further explore the B2-AR signaling pathway in a bone
metastatic context.

We showed that the secretome of MDA-231 cells exhibits significant differences in terms
of protein expression after activation of ,-AR signaling. In particular, STC-1 and Clu
were upregulated in the MDA-231 secretome under sympathetic signaling. STC-1 is a
known osteoclast inhibitor since transgenic mice expressing STC-1 under a muscle-
specific promotor display increased cortical and trabecular bone thickness concomitant
with a decreased osteoclast activity 2. Furthermore, STC-1 was shown to be directly
involved in murine osteoclastogenesis suppression in vitro 63, Similarly, secreted Clu
was shown to hamper osteoclastogenesis in murine osteoclast precursors 3. The
upregulation of osteoclast inhibitors in MDA-231 secretome was consistent with the
observed decrease in human osteoclast differentiation and bone matrix resorption
activity in our model, in up to 6 independent osteoclast donors with blinded or
unsupervised analysis. However, the crosstalk of osteoclast with human osteoblasts
mitigated this effect. In contrast, paracrine signaling from metastatic MDA-1833 had no
effect either on osteoclast monocultures or in co-culture with osteoblasts. Given that
osteoclast differentiation and activity is tightly regulated by osteoblasts in the bone niche,
our results suggest that sympathetic modulation of BC paracrine signaling does not affect
osteoclast bone resorption activity and we would expect no differences of bone turnover
in BC patients. Our findings are in agreement with a recent study by Chiou et al, where
the authors demonstrate that injection of MDA-MB-231 secretome in
immunocompromised mice led to increased bone formation in the pre-metastatic bone
niche, with no changes in osteoclast activity®. This altered bone matrix deposition could
facilitate BC extravasation into the bone niche prior to metastatic foci establishment®.
However, we did not recapitulate the observations from previous studies that show
modulation of bone resorption activity by BC cells, even before metastatic spread has

occurred ¥ 4. This might be an acceptable outcome in primary BC patients with no major
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alteration in bone turnover, however it is paradoxical in stage IV metastatic BC patients
that exhibit metastatic bone foci and extensive bone lesions. Moreover, previous studies
indicate an exacerbation in bone destruction after 3.-AR agonism, in immunosuppressed
mice models of breast cancer bone metastasis as well as mice in vivo and in vitro models
of pharmacological activation of B.-AR ¢ ¢5¢71, Despite the fact that our findings are not
aligned with these studies, species related differences in bone cell metabolism could
explain the observed differences. It is widely accepted that BC secretome increase
osteoclast differentiation and resorption in experiments using cells from mice 4 671 |n
contrast, the results obtained from experiments with human cells are not so
homogeneous, with some studies reporting increases in osteoclastogenesis 8 72 while
others show decreased resorption activity 31, Additional evidence of distinct outcomes
in human and mouse cells arise from the observation that there is a significant increase
in RANKL promotor activation in murine bone marrow stromal cells after exposure to
paracrine signaling from BC cells (Figure S7). When assessing osteoclast activity in our
model of human osteoblast/osteoclast co-cultures, no differences were observed in
terms of matrix degradation after incubation with BC secretome. Furthermore, although
sympathetic activation was reported to directly increase osteoclastogenesis in murine in
vitro models "+ 751, no alterations in differentiation and resorption activity were apparent
after daily activation of B2-AR in human osteoclasts/osteoblasts (Figure S8). Again, direct
B2-AR stimulation in murine bone marrow stromal cells translated into increased RANKL
promotor activation, while no differences were observed in human osteoblast RANKL
production (Figure S9). To our knowledge, we are the first to describe the effect of BC
paracrine signaling on human osteoclast activity under B.-AR agonism in vitro, and
therefore species related differences should be accounted for when comparing with in
vivo studies.

The bone metastatic niche is composed of multiple cell types that can contribute to the
establishment of osteolytic bone metastasis 2. We observed consistent and robust
decrease of osteoclast differentiation and activity after incubation with conditioned
medium from MDA-231 cells under B2-AR signaling. The inclusion of other cellular
players such as cancer associated fibroblasts [®l, endothelial cells [V and a functional
immune system " could change the dynamic of SNS activation in the bone metastatic
niche. In addition, osteocytes account for the majority of osteoblast-lineage cells in bone
and osteocyte-like cell lines were already described to increase osteolytic output in
response to SNS activation "8, Future studies should be conducted to analyze the
contribution of other cell types in the dynamics of SNS modulation of BC bone
metastasis. Furthermore, syngeneic in vivo BC models with immunocompetent mice

could be used to address sympathetic modulation of the bone niche during metastasis,
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in opposition to xenograft studies in nude mice that do not account for the contribution of
immune cells.

The importance of these interactions is further highlighted by the anatomical proximity of
sympathetic neurons and cells from the bone niche, which is expected to be translated
into functional significance in vivol”. However, norepinephrine is the main
catecholamine released by sympathetic neuronal terminals, and although we show
increased epinephrine concentration in the plasma of BC patients, no data is available
on the local concentration of catecholamines at the bone niche. Since previous studies
have shown that circulating epinephrine is dispensable for metastatic progression of BC
in vivo®, it would be interesting to know how the local concentration of norepinephrine
changes at the metastatic bone niche.

Proteomic screening identified multiple differentially expressed proteins between MDA-
231 and MDA-1833 cells, similarly to what is described in other previous proteomic
analysis studies -8, |n addition, B2-AR activation of osteoclast STC-1 upregulation and
CCN2 downregulation were already described in parental MDA-231 cell lines stimulated
with 1SO 31, Interestingly, B2-AR signaling pathway activation leads to distinct outcomes
in protein expression when comparing parental and bone tropic BC cell lines. Consistent
with the downregulation of several proteins such as STC-1, IGFBP7 and CST3, MDA-
1833 paracrine signaling did not decrease osteoclast differentiation and resorption
activity of osteoclasts. These results are also coherent with previous reports that show
that IGFBP7 expression was downregulated in human metastatic breast cancer tumors
when compared to its matched primary tumors and were also implicated in decreased
tumor growth in vivo B4 In addition, IGFBP7 was shown to impair murine
osteoclastogenesis in vitro and in vivo ®%. Furthermore, CST3 is a known inhibitor of
osteoclastogenesis Y and its downregulation was previously correlated with BC
aggressiveness and poor prognosis ©%. These observations suggest that, under high
sympathetic activity, the capacity of BC cell lines to modulate osteoclast activity is altered
when they acquire metastatic traits, since bone tropic MDA-1833 paracrine signaling
does not elicit osteoclast bone resorption impairment towards osteoclast bone resorption
than parental MDA-231 cells in our model. Similar adaptations are found in brain
metastatic cell lines, where BC cells become able to interact with their surrounding tissue
that is inherently different from the primary tumor site ©5 871, Together with data from other
studies that show an increased migratory capacity of metastatic BC cell lines after .-AR
agonism [, our observations point to distinct .-AR downstream effectors in bone tropic
cells that could putatively facilitate colonization of the bone microenvironment under high
sympathetic input when compared to its parental cell line. Careful consideration must

therefore be employed when designing therapeutic interventions, since we show that
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both epinephrine concentration in the plasma of BC patients and BC cell response to 3.-

AR agonists changes during disease progression.
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3.3. Comparison of the proteomic profile of primary and

metastatic BC

At the primary site, BC cells are exposed to a multitude of biochemical and biophysical
stimuli from neighboring cells and tissue ECM that trigger multiple signaling pathways,
ultimately promoting proliferation, resistance to apoptosis, migration and escape from
immune surveillance. Eventually, BC cells acquire a plethora of characteristic traits that
allow them to egress from the primary tumor site into the circulatory system, from which
they spread to distant sites of metastasis. Primary and metastatic BC are inherently
different, but the complete picture on the protein expression changes that take place
during metastatic trait acquisition is still missing.

In order to understand how the secretome of BC changes during metastasis, we
compared the proteomic profile of primary MDA-231 and metastatic MDA-1833 BC cells,
in control conditions without prior stimuli (Figure 8a). A total of 84 proteins were
significantly deregulated when comparing the secretome of MDA-231 and MDA-1833
cell lines (36 upregulated and 48 downregulated proteins in the secretome of control
MDA-1833 cells) (Figure 8b, Table S4). Furthermore, proteins differentially expressed in
parental MDA-231 or bone tropic MDA-1833 cells were associated to biological
processes such as platelet degranulation, post translational protein modification and
immune modulation (Figure 8c,d).

Similarly to what was observed after ISO treatment, we observed increased levels of
osteoclast inhibitors Clu, STC-1, IGFBP7 and CST3 in the secretome of control MDA-
231 cells when compared to the secretome of MDA-1833 cells. In addition, Pentraxin 3
(PTX3) was significantly upregulated in metastatic MDA-1833 cells, which was already
previously described to promote RANKL secretion in murine osteoblasts and
subsequently promote osteoclastogenesis 9. Of note, LOX was exclusively produced in
primary BC and was not detected in the secretome of metastatic MDA-1833. Primary
tumor produced LOX was demonstrated to be crucial in the conditioning of the bone
niche, facilitating pre-metastatic lesion formation and BC colonization of the bone ©,
Interestingly, we show that BC cells stop expressing LOX after bone colonization,
suggesting that LOX is primarily involved in the modulation of the bone metabolism at
earlier stages of BC progression.

The upregulation of osteoclast inhibitors in primary MDA-231 cells would suggest that its
secretome would be detrimental to osteoclast differentiation and resorption when
compared to metastatic MDA-1833. However, osteoclast exposure to the secretome of
MDA-231 and MDA-1833 in control conditions did not translate into altered osteoclast

activity, either in mono-culture or in co-culture with osteoblasts (Figure 3-6). Our findings
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suggest that the secretome from BC cells is not sufficient to exacerbate osteoclast
activity, even in the presence of RANKL expressing osteoblasts. Further research on the
contribution of other cellular players in the bone niche, as well as the role of BC direct
cell-cell signaling, is required to better understand the establishment and exacerbation

of the metastatic vicious cycle of bone degradation.
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Figure 13. Metastatic trait acquisition leads to a differential proteomic profile. (a)
Heatmap depiction of significantly deregulated proteins found in the secretome from
control MDA-1833 and MDA-231 cells (Student-t test, p<0.05). The ratio of protein
abundances was color coded as shown in the legend. Data from three independent
samples is shown, one sample per column. Gray cells represent proteins not detected in
a particular sample. (b) Volcano plot distribution of significantly deregulated proteins in
control MDA-1833 and MDA-231 samples. The ratio between protein abundances
between MDA-1833 cells and MDA-231 cells is plotted on the X axis, and p-value is
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plotted on the Y axis. Red dots represent proteins with a fold change < 1.5, while purple
dots represent proteins represent proteins with a fold change < -1.5. (c) Gene ontology
biological processes network analysis of differentially expressed proteins in ISO treated
MDA-1833 and ISO treated MDA-231 cells. Only networks with p<0.05 were shown (Two
sided hypergeometric test and Bonferoni step down correction).

(d) Significantly enriched biological process terms in the group of deregulated proteins
in 1SO treated MDA-1833 and ISO treated MDA-231 cells. ORA was used and only

processes with false discovery rate of < 0.05 were shown.
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Supplementary Data

B2-AR Y
..-. '.'.o P
PBS Iso ISO+ICI ICI

Serum starvation
Incubation for 24h

<

Medium collection

Figure S6. Conditioned medium collection from BC cell lines. B2-AR expressing cell lines
were incubated with either PBS, 1uM ISO (Green dots), 1uM ISO + 1uM ICl or 1uM ICI
(Blue dots). Incubation was performed in reduced serum conditions for 24h, after which

medium was collected and centrifuged.
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Figure S7. cAMP accumulation after ISO incubation in B>-AR expressing COS-7 cell
lines. (a) ISO incubation leads to a dose-dependent accumulation of intracellular cAMP,
peaking at a concentration of 10-°M. (b) The addition of ICI before and simultaneously to
ISO inhibits the accumulation of cCAMP, completely abrogating cAMP accumulation at a
concentration of 10°M.
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Figure S3. Automatic quantification of osteoclast differentiation. Raw images of HCS
Cell Mask (top left) and DAPI (bottom left) are used to train the llastik toolkit. Automatic
pixel classification is performed leading to the generation of probability masks either for
the cell cytoplasm (top middle) or nuclei (bottom middle). Together with the raw images,
the probability masks are loaded into a CellProfiler pipeline that automatically segments
both the cytoplasm (right column, red) and the nuclei (right column, green) and generates
excel files with the total number of osteoclasts and correspondent number of nuclei

detected in the images.
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Figure S8. Uncropped Western Blot of of the expression of B2-AR on BC cell lines.
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Figure S5. Osteoclast specific cathepsin K gene expression quantification. Pre-
osteoclasts were treated with secretome of MDA-231 cells at day 5 of culture, and further
cultured for another 4 days. The experiment was ended after fully differentiation of the
osteoclasts at day 9, after which cells were lysed and mRNA was collected and purified.

Data is expressed as median of individual data points from 6 independent experiments
(Friedman’s test).
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Figure S6. Cells obtained by trabecular bone outgrowth are from the osteoblast lineage.
(a) After 7 days of culture, osteoblasts are positive for ALP. (b) After 14 days of culture,
multiple calcium deposits are visible through alizarin red staining. Cells were cultured in
96-well plates, the whole well is shown. (c) RANKL quantification by ELISA. No RANKL
was detected in the conditioned medium of osteoblasts, while most of it was detected in
the cell lysates, suggesting that these cells express RANKL in the cell surface. Data from
2 independent experiments. (d) Comparison of osteoclast resorption activity between
osteoclast monocultures and osteoblast/osteoclast co-cultures. Data is expressed as
individual data points from 6 independent experiments (Friedman’s test followed by

Dunn’s multiple comparisons test, *p<0.05).
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Figure S7. RANKL promotor activation in murine bone marrow stromal cells after
incubation with MDA-231 conditioned medium. Bone marrow stromal cells express a
luciferase reporter under RANKL promotor, and luminescence is quantified after
incubation. Data is expressed as individual data points from 4 independent experiments

(One Way ANOVA with Sidak’s multiple comparison test, *p<0.05).
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Figure S8. Direct effect of ISO on osteoclast differentiation and resorption activity. (a)
Expression of B2>-AR on osteoclasts (white arrows) and osteoblasts (yellow arrows). DAPI
(blue), F-Actin (green) and 3.-AR (red). Scale bar - 100um. Inset single channel images
are shown on the right: DAPI (top), F-Actin (mid) and B.-AR (bottom). Inset scale bar —
100 um. (b) Timeline of the resorption assay. Osteoclasts are differentiated for nine days
and seeded on top of bone slices, followed by daily incubation with ISO for another three
days. (c) Estimated percentage of eroded surface, (d) trench percentage per total eroded
surface and (e) TRACP activity quantified at the end of the experiment. Data is expressed
as median of individual data points from 6 independent experiments (Friedman’s test).
() Timeline of the osteoclast differentiation assay. Pre-osteoclasts are seeded after five
days of culture and stimulated daily with ISO for four more days, refreshing the media at
day 7. (g) Osteoclast number and (h) area after four days of MDA-231 conditioned media
stimulation. Osteoclasts with three or more nuclei were included in the analysis. Data is
expressed as median of individual data points from 6 independent experiments
(Friedman’s test). (i) Timeline of the resorption assay in a co-culture setting. Mature
osteoclasts were seeded with osteoblasts and stimulated daily with ISO for three days.
() Estimated percentage of eroded surface, (k) trench percentage per total eroded
surface and (I) TRACP activity quantified at the end of the co-culture experiment. Data is
expressed as median of individual data points from 6 independent experiments

(Friedman’s test).
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Figure S9. Direct effect of ISO on osteoblasts. (a) RANKL promotor activation in murine
bone marrow stromal cells after incubation with MDA-231 conditioned medium. Bone
marrow stromal cells express a luciferase reporter under RANKL promotor, and
luminescence is quantified after incubation. Data is expressed as individual data points
from 3 independent experiments (One Way ANOVA with Sidak’s multiple comparison
test, *p=<0.05). (b) Effect of ISO on the RANKL production in human osteoblasts, detected

by ELISA. Data is expressed as individual data points from 2 independent experiments.
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Table S1. Description of the cohort of BC patients.

) Distant
Median ) Molecul )
) Primary Menopausa metastasi
age (min- ar )
Tumor | Status s Site at
max) Subtype ) )
Diagnosis
Healthy
58 (46-67) N/A N/A N/A N/A
Donors
Donor 1 62 N/A N/A N/A N/A
Donor 2 58 N/A N/A N/A N/A
Donor 3 57 N/A N/A N/A N/A
Donor 4 48 N/A N/A N/A N/A
Donor 5 62 N/A N/A N/A N/A
Donor 6 46 N/A N/A N/A N/A
Donor 7 56 N/A N/A N/A N/A
Donor 8 65 N/A N/A N/A N/A
Donor 9 56 N/A N/A N/A N/A
Donor 10 51 N/A N/A N/A N/A
Donor 11 64 N/A N/A N/A N/A
Donor 12 57 N/A N/A N/A N/A
Donor 13 55 N/A N/A N/A N/A
Donor 14 62 N/A N/A N/A N/A
Donor 15 67 N/A N/A N/A N/A
Donor 16 60 N/A N/A N/A N/A
Donor 17 55 N/A N/A N/A N/A
Donor 18 63 N/A N/A N/A N/A
Stage | BC Luminal-
. 67 (45-73) T1 . N/A
patients like
) Luminal Premenopa
Patient 1 45 T1 N/A
B-like usal
Luminal  Postmenopa
Patient 2 61 T1 N/A
B-like usal
) Luminal  Postmenopa
Patient 3 66 T1 N/A
B-like usal
. Luminal  Postmenopa
Patient 4 68 T1 N/A
A-like usal
) Luminal  Postmenopa
Patient5 71 T1 ) N/A
A-like usal
) Luminal  Postmenopa
Patient 6 69 T1 ) N/A
B-like usal
) Luminal  Postmenopa
Patient 7 68 T1 ) N/A
B-like usal
) Luminal  Postmenopa
Patient 8 68 T1 ) N/A
B-like usal
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148

Luminal

Postmenopa

Patient 9 67 T1 ) N/A
B-like usal
] Luminal  Postmenopa
Patient 10 63 T1 i N/A
B-like usal
) Luminal ~ Postmenopa
Patient 11 61 T1 ) N/A
A-like usal
] Luminal  Postmenopa
Patient 12 56 T1 i N/A
A-like usal
) Luminal  Postmenopa
Patient 13 68 T1 ) N/A
A-like usal
] Luminal  Postmenopa
Patient 14 67 T1 ) N/A
A-like usal
) Postmenopa
Patient 15 57 T1 N/A N/A
usal
] Luminal Premenopa
Patient 16 47 T1 . N/A
A-like usal
. Premenopa
Patient 17 56 T1 N/A N/A
usal
) Postmenopa
Patient 18 73 T1 N/A N/A
usal
Stage IV )
Luminal-
BC 53 (39-73) .
) like
patients
. Luminal ~ Postmenopa
Patient 1 59 T3 ) Bone
B-like usal
) Luminal  Postmenopa
Patient 2 52 N/A Bone
A-like usal
. Lung,
) Luminal  Postmenopa
Patient 3 64 N/A ) Bone,
B-like usal .
Brain
Bone,
) Luminal  Postmenopa )
Patient 4 71 N/A ) Liver,
B-like usal
Lung
. Skin,
) Luminal
Patient 5 51 T2 ) N/A Lung,
B-like
Bone
Luminal
) 57 ) Premenopa
Patient 6 T3 B-like Bone
usal
Luminal
) 53 ) Postmenopa
Patient 7 N/A B-like Bone
usal
) 51 Luminal Premenopa
Patient 8 N/A ) Bone
B-like usal




) Luminal Premenopa Bone,
Patient 9 44 T3 )
A-like usal Lung
] Luminal  Postmenopa Bone,
Patient 10 56 T4
B-like usal Liver, Skin
) Luminal  Postmenopa
Patient 11 58 T4 ) Bone
A-like usal
) Luminal Premenopa
Patient 12 41 T3 Bone
A-like usal
] Luminal Premenopa
Patient 13 39 T2 ) Bone
A-like usal
) Luminal  Postmenopa
Patient 14 70 T3 Bone
A-like usal
] Luminal Premenopa Bone,
Patient 15 47 T2 ) )
A-like usal Liver
) Luminal ~ Postmenopa Bone,
Patient 16 73 T4
A-like usal Liver
. Postmenopa Bone,
Patient 17 57 T2 HER2
usal Lung
Bone,
. Postmenopa )
Patient 18 56 T4 HER2 Liver,
usal )
Brain

N/A — Not applicable/available
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Table S2. Protein abundance ratio comparison between I1SO treated MDA-231 and control MDA-231

samples
Gene Symbol Abundance Ratio P value
(ISOvsCTRL)

CDH6 100 3,4E-16
MCFD2 100 3,4E-16
IGFBP1 2,976 3,4E-16
ALDOB 2,802 3,4E-16
MAN2B1 2,976 3,4E-16

STC1 2,652 3,4E-16

PLAU 2,568 3,4E-16
ABCA10 2,239 7,16E-12

VNN1 2,084 6,54E-10
FABP1 1,993 8,52E-09
TARS1 1,923 6,06E-08

BRD9 1,878 2,23E-07
IGFBP4 1,866 3E-07
PTK2B 1,754 4,9E-06

WASHCA4 1,727 9,58E-06

PRC1 1,605 0,000169

CLU 1,596 0,000213
SERPINB4 1,566 0,000425
CTSL 1,508 0,001531
TPR 1,467 0,003897
HOOK3 1,466 0,00398
DDX39A 1,451 0,00539
CTSD 1,447 0,005945
C6 1,391 0,018738

PLAUR 1,382 0,02224
H2BC21 1,365 0,028902

SRGN 1,347 0,03991
IGFBP7 1,331 0,053154
GSTO1 0,01 3,4E-16

PBX4 0,01 3,4E-16

NCAN 0,035 3,4E-16
CPPED1 0,288 3,4E-16

SLC25A13 0,341 3,4E-16
TTN 0,386 3,4E-16

DSC1 0,404 6,42E-15
KRT10 0,52 5,62E-08

KRT9 0,534 2,23E-07

LMNA 0,56 1,95E-06

SERPINE1 0,588 1,76E-05
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IGFN1 0,588 1,76E-05
KRT1 0,609 7,89E-05
MMP1 0,611 9,14E-05
NPM1 0,636 0,000337
CENPE 0,639 0,000404
MANZ2A1 0,643 0,000495
KISS1 0,644 0,000527
CCN2 0,646 0,000604
ANXA2 0,654 0,000862
ARHGDIA 0,666 0,001608
COL6A2 0,677 0,002907
FBP1 0,679 0,003171
VIM 0,703 0,009364
EIFSAL1 0,708 0,011596
KRT14 0,718 0,016761
ADH5 0,723 0,020352
ATP5F1A 0,729 0,025211
TERT 0,731 0,02716
ANPEP 0,739 0,03368
GOT1 0,739 0,03429
AKAP13 0,741 0,035427
HADHB 0,741 0,03574
COL9Al 0,747 0,044673
PLXNB2 0,751 0,049436
VPS45 0,753 0,053683
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Table S3. Protein abundance ratio comparison between I1SO treated MDA-1833 and ISO treated MDA-

231 samples

Gene Symbol Abundance Ratio (1833 ISO vs P value

2311S0)
VCP 100 2,91E-16
GSTO1 100 2,91E-16
SLC25A13 2,985 1,19E-11
DSC1 2,539 2,23E-08
PTX3 2,526 2,72E-08
PSAP 2,314 8,84E-07
KRT10 2,31 9,32E-07
VNN1 2,184 7,5E-06
MT1L 1,995 0,000141
KRT14 1,971 0,000142
PLVAP 1,956 0,000171
TPR 1,956 0,000173
RPL29 1,939 0,000221
ANPEP 1,921 0,000294
MCFD2 1,782 0,002194
PEPD 1,777 0,002374
DMBT1 1,753 0,003348
NACA 1,733 0,004404
KRT1 1,733 0,004408
LRRC8A 1,693 0,007781
PLG 1,671 0,01031
CCN2 1,642 0,014896
GRN 1,64 0,015265
IGF2 1,627 0,017886
OPAl 1,624 0,018592
NPM1 1,601 0,024787
FKBP1A 1,593 0,027353
TTR 1,589 0,028658
CPPED1 1,563 0,038659
KRT9 1,551 0,045396
TMEM132C 1,548 0,04683
RCN1 0,737 0,050725
MYOM2 0,727 0,038623
IGFBP4 0,724 0,036342
IGFBP3 0,723 0,035024
HGD 0,72 0,032832
TIMP2 0,719 0,031821
C4BPA 0,719 0,03205
ITIH2 0,714 0,027865
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HBB 0,714 0,028367
CD44 0,708 0,023916
HLA-A 0,701 0,019793

OAF 0,679 0,01009
TPM1 0,676 0,009081
CTSZ 0,665 0,006297

APP 0,659 0,005054

DDX39A 0,657 0,004593
TNC 0,637 0,002221
FBP1 0,627 0,00146
IGFBP7 0,585 0,000214
CST3 0,581 0,000174
PTK2B 0,58 0,00017
MMP1 0,568 0,000134

PPIB 0,546 3,84E-05

THBS2 0,545 3,74E-05

SPARC 0,496 1,29E-06
SERPINE1 0,493 1,06E-06
STC1 0,491 8,84E-07
RNASET?2 0,457 5,2E-08
VN1R5 0,45 2,72E-08
RPLP2 0,442 1,37E-08
IGFN1 0,438 8,98E-09
CTSL 0,418 1,09E-09
PLAUR 0,332 6,37E-15
IGFBP1 0,267 2,91E-16
LOX 0,237 2,91E-16
WASHCA4 0,206 2,91E-16
SERPINB2 0,01 2,91E-16
SET 0,01 2,91E-16
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Table S4. Protein abundance ratio comparison between control MDA-1833 and MDA-231 samples

Gene Symbol Abundance Ratio P value
(1833 vs 231)

CDH6 100 2,7E-16
DMBT1 100 2,7E-16
PSMA1 100 2,7E-16
IGFALS 100 2,7E-16

VCP 100 2,7E-16

ACAT2 5,794 2,7E-16

VNN1 5,478 2,7E-16
ABCA10 4,684 2,7E-16

C6 2,761 1,19E-09
ALDOB 2,757 1,27E-09

PEPD 2,684 4,09E-09
MAN2B1 2,512 5,9E-08
TARS1 2,345 7,16E-07
GSTO1 2,279 1,84E-06

TPR 2,266 2,25E-06

PSAP 2,158 1,15E-05

NME2 2,051 5,65E-05

PGM1 2,05 5,76E-05

BRD9 1,984 0,000154

FLNB 1,903 0,000459

PTX3 1,893 0,000531

DYM 1,862 0,00078

NACA 1,836 0,001091
HOOK3 1,709 0,00573
EEF1G 1,693 0,00704
H2BC21 1,669 0,009257
DARS2 1,669 0,009257

MT1L 1,637 0,013882
KRT10 1,613 0,018333
RPLP2 1,6 0,021696

GRN 1,597 0,022386
HSP90AB1 1,596 0,022529

PFN1 1,57 0,030082
EEF1D 1,563 0,032767

AMBP 1,538 0,041389
ACTN4 1,535 0,043018

FCAR 0,685 0,052105

CLU 0,682 0,047992
ATP5F1A 0,667 0,033275
LMNA 0,667 0,033393
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SRGN 0,662 0,029209
TIMP1 0,66 0,028458
COL8Al 0,644 0,018012
HGD 0,643 0,017534
TNC 0,641 0,016351
SLC25A13 0,64 0,016089
SLC38A7 0,639 0,015616
QSOX1 0,636 0,014164
APP 0,633 0,012632
SERPINB2 0,629 0,011151
HLA-A 0,623 0,009257
SERPIND1 0,617 0,007521
RPL13A 0,615 0,007046
HLA-C 0,596 0,003474
DDX39A 0,583 0,002109
PLAUR 0,563 0,000948
IGFBP7 0,553 0,000609
LGMN 0,546 0,000455
PLXNB2 0,537 0,000275
CENPE 0,53 0,000205
SPARC 0,525 0,000154
CEMIP2 0,522 0,000135
CST3 0,521 0,00013
CTSL 0,503 4,57E-05
BOD1L1 0,499 3,44E-05
TTN 0,491 2,01E-05
TERT 0,489 1,86E-05
IGFBP1 0,482 1,16E-05
A1BG 0,481 1,04E-05
C4BPA 0,469 4,62E-06
IGFBP3 0,431 2,43E-07
WASHCA4 0,428 1,78E-07
IGFN1 0,421 1,08E-07
MMP1 0,416 6,72E-08
SERPINE1 0,415 6,47E-08
FBP1 0,402 1,79E-08
RNASET2 0,398 1,2E-08
RCN1 0,396 9,91E-09
KISS1 0,373 7,57E-10
STC1 0,315 2,11E-13
NCAN 0,02 2,7E-16
PBX4 0,01 2,7E-16
EIF3L 0,01 2,7E-16
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LOX 0,01 2,7E-16
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3.4. Chapter Conclusions

In summary, we present new data concerning the changes in circulating epinephrine that
take place during BC and highlight the effect of B.-AR signaling on the crosstalk between
BC cells and bone niche cells, osteoclasts and osteoblasts. Interestingly, although
epinephrine levels in BC patients are maintained throughout disease progression,
proteomic screening and functional studies identified distinct outcomes of [B.-AR
activation after BC metastasis. We show that, contrarily to what is expected, primary BC
cells decrease osteoclast differentiation and resorption activity in vitro under B2-AR
signaling activation. In opposition, secreted factors from B.-AR primed metastatic BC
cells do not affect osteoclast differentiation and resorption in our model, suggesting that
secreted factors from BC cells after B,-AR agonism are not involved in the local
exacerbation of bone resorption activity. Future studies should focus on the study of
cancer/osteoblast/osteoclast cell-cell direct interactions and the role of other cell types
present in the bone marrow in the dynamics of SNS activation of the bone metastatic
niche.
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4.1. Main Conclusions

In this thesis, we employed an organ-on-a-chip approach in order to dissect the crosstalk
between the SNS and the BC bone metastatic niche. Organ-on-a-chip microfluidic
models have emerged in recent years as versatile in vitro tools and have already been
used to study BC cell extravasation and proliferation in bone mimicking substrates -3,
However, very few microfluidic models tackle the issue of bone innervation in the context
of BC and, to our knowledge, none of them focused on the sympathetic control of BC
bone metastasis.

We developed a new microfluidic model that is designed to compartmentalize distinct
cellular types, i.e. sympathetic neurons, bone tropic BC cells and osteoclasts seeded on
a relevant bone matrix, while facilitating the dynamic communication between
compartments via secreted factors. We took advantage of 3D printing technology to
produce molds for PDMS casting in a fast and cost-effective fashion, in alternative to
standard photolithography procedures. This is crucial to allow the replication of our
approach in other laboratories according to their specific research needs, since no prior
access to expensive infrastructure or highly trained personnel is required.

Our metastasis-on-a-chip platform allowed the identification of new putative mechanisms
of SNS control over BC cellular processes. We conclude that the dynamic
communication between human sympathetic neurons, osteoclasts and BC cells favors a
BC pro-inflammatory profile. Moreover, the use of the incorporated Quake valves to block
the communication between neuronal and bone compartments showed that the direct
crosstalk between osteoclasts and sympathetic neurons is dispensable for the observed
increased levels of pro-inflammatory cytokines. With this work, we demonstrated that our
platform could be applied in the dissection of signaling pathways involved in BC bone
metastasis. In addition, by replacing and optimizing cellular or environmental
components in our platform, we could potentially set the basis for additional fundamental
and applied research in multiple physiological and pathological scenarios.

In addition to the conception of a new metastasis-on-a-chip model, we also sought to
perform an in depth characterization of the sympathetic regulation of bone remodeling in
a BC bone metastatic context. We wanted to clarify the relevance of circulating
catecholamines in BC patients at distinct stages of disease progression and how are BC
cellular processes affected by sympathetic input, with special emphasis on (2-AR
signaling pathways. In addition, we investigated how the secretome from 3,-AR primed
primary or metastatic BC cells modulates osteoclastic bone degradation, replicating the

interactions occurring at the BC bone metastatic niche.
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We describe for the first time the profile of circulating Epi in early and advanced BC
patients. We found that Epi levels are significantly increased in primary BC patients when
compared to healthy donors and remain elevated throughout disease progression,
pointing towards a relevant exacerbation of sympathetic signaling that could either
directly modulate BC cells or other cellular players of the BC niche. Thus, these findings
provide evidence for a dysregulation of Epi release that should warrant careful
consideration on the treatment regimens of BC patients in a clinical setting.

Importantly, although the levels of circulating Epi are maintained across different stages
of BC in the clinical setting, we observed distinct proteomic profiles in primary and
metastatic BC cells after pharmacological activation of B>-AR in vitro. Consistently,
exposure of human osteoclasts to the secretome of primary BC cells under B2-AR
signaling translated into a robust decrease in osteoclast differentiation and bone
degradation, in opposition to what was observed following osteoclast stimulation with the
secretome of B2-AR primed metastatic BC cells. On the other hand, direct co-culture with
human osteoblasts mitigated the deleterious effects of B>-AR primed primary BC
secretome on osteoclast resorption activity. Since osteoblasts are major regulators of
osteoclast activity in vivo, our findings challenge the theory that secreted factors from (3.-
AR primed BC cells are involved in the modulation of bone resorption. These
observations have important implications for the design of future pre-clinical experiments
and therapeutic strategies, since the increased circulating Epi levels throughout BC
progression and the observed changes in the proteomic profile of metastatic BC cells did
not translate into altered bone metabolism in our co-culture model. Nevertheless, our
observations do not exclude the possible contribution of other cellular components of the
bone metastatic niche, such as immune cells, fibroblasts, endothelial cells and
osteocytes, that could promote the establishment of a metastatic vicious cycle of bone
degradation under SNS activation.

Overall, this thesis provides new insights on the sympathetic modulation of BC in the
context of bone metastasis. We demonstrated the relevance of circulating epinephrine
levels throughout BC progression, since both primary and advanced BC patients exhibit
exacerbated epinephrine levels when compared to healthy blood donors. Furthermore,
using two distinct in vitro approaches, i.e. a novel metastasis-on-a-chip model and ;-
AR pharmacological activation of BC, we show that sympathetic stimulus alters the
protein expression of primary and metastatic BC. Nonetheless, these changes do not
necessarily translate into altered bone resorption, which warrants further investigation
on the consequences of sympathetic exacerbation in BC outcomes in vivo and in a
clinical setting. Our metastasis-on-a-chip model could be used in the future to identify

other soluble mediators such as extracellular vesicles or micro-RNAs that could be
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involved in the crosstalk between BC and bone under sympathetic stimulus.
Furthermore, clarifying whether the secretome of BC and osteoclasts affect NE release
by neuronal cells would complement our findings in the future, using molecular biology
techniques, image analysis tools or high throughput techniques such as RNA
sequencing, both in general or at a single cell level. Ultimately, our model could
potentially be used to study other bone tropic cancers such as prostate, lung and multiple
myeloma that were already described to be affected by sympathetic stimuli ¢, and thus

improve our understanding of these interactions.
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Sympathetic activity in breast cancer and metastasis: partners
in crime
Frandsco Concelgao (577, Daniela M. Sousa™, Joana Paredes™™* and Meriem Lamghari™™

The vast majority of patients with advanced breast cancer present skeletal complications that severely compromise their quality of
life. Breast cancer cells are characterized by a strong tropism to the bone niche After engraftment and colon izati on of bone, breast
cancer cells interact with nathe bone cells to hinder the nomal bone remodding process and establish an osteolytic “meetastatic
vicious cydle”. The sympathetic nervous system has emenged in recent years as an important modulator of breast cances
progression and metastasis, potentiating and accelerating the onset of the vidous cycle and leading to extensive bone degrad ation.
Furthermaore, sympathetic neurotransmitters and ther cognate receptors have been shown to promote several hallmarks of breast
camcer, such as proliferation, angiogenesis, immune escape, and imasion of the extracellular matrbe In this review, we assembled
the current knowledge conceming the complex interactions that take place in the tumaor microemvironment, with a special
emphasis on sympathetic modulation of breast cancer cells and stromal cells. Notably, the differential action of epinephnine and
norepinephrine, through either o- or fradrenengic receptors, on breast cancer progression prompts careful consideration when
designing new therapeutic options. In addition, the contribution of sympathetic innervation to the formation of bone metastatic
fodi is highlighted. In particular, we address the remarkable ability of adrenergic signaling to condition the native bone remadaling
process and modulate the bone vasoul ature, driving breast cancer cell engraftment in the bone niche. Finally, dinical perspectives
and developments on the use of f-adrenengic receptor inhibitors for breast cancer management and treatment are discussed.
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INTRODUCTION

Under physiological conditions, the sympathetic nenous system
[5N5) is imvohed in the so-called “fight-or-flight® response to acute
stress Upon percetving threats to intemnal homeostasis, the SNS
acts on multiple molecular and cellular processes throughout the
body that ensure a coondinated adaptive response to different
stressors Fhysical mobility s boosted throwgh an increase in heart
and respiratony rates, as well as through enengy mobilization from
adipose tissue and the lher’™. On the other hand, anabaolic
processes such as digestion, gastrointestinal motility and repro-
duction  are hampered™. Sympathetic sgnaling & mainly
achieved through peripheral release of norepinephrine (NE) by
sympathetic nerve terminals or systemic release of epinephrine
(Epil into the circulation by the adrenal glands. These catechola-
mines are the endogenous ligands of a/f adrenoreceptors (a-AR,
B-AR], which exhibit widespread expression in a multitude of cell
types and tissues ™. This family of receptors & composed of a
total of nine G protein-coupled receptars (GPCRs): G ~coupled a,,,
e and Qs ARS; Gecoupled gz ape and aye ARS; and finally, G-
coupled B, fi; and B, ARs.

Breast cancer is still 3 major socdosconomic ssue and was the
leading cawse of cancer-specfic death in women inm 2018
(httpetfgcodarc i/ todaywhome)l. it & a highly heterogeneous
disease that &5 wsually characterized by estrogen receptor [ER),
progesterone receptor [PR), and epidermal growth factor receptor

: hitpz/idolong/10.1058/54141 3-021-00137-1

2 |HER2) status of the primary tumor. Advances in diagnostic and
adjuvant therapies have increased the life expectancy of patients

breast cancer, but this condition remains incurable in later
stages of disease progresion”. Sungery and radiation therapy are
the gold standards for the treatment of eark-stage breast cances,
as are homone therapy and the HERZ-targeting antibody
trasturumab for HERZ-positive cancers. Systemic admintstration
of hormone therapy, targeted therapy, chemotherapy or a
combination of these is wsually the prefermed treatment approach
for late-stage metastatic breast cancer. However, the S-year
survival rate of women diagnosed with distant metastasis is 27%
(hittps<!fwww.cancerong'cancerbreasi-cancer]. These treatments
are still ineffective and commonly associated with tosde side
effects; therefore, there is still a need for improved therapeuwtic
options. A better understanding of the pathological processes
thirough which breast cancer thrives in the host s of paramount
importance to discoverning new therapeutic targets.

In the past decade, the physiological mechanisms that govenn
the response to stress have emerged as potential therapeuwtic
targets in breast camcer due to findings from several epidemio-
logic and preclinical studies™ . In particullar, the action of NE and
Epi on their cognate receptors has ratsed important consid era tions.
regarding their role in breast cancer progression, analogous to
observations in other bonetropic cancers such as  prostate

cancer'™ ", However, the adrenergic regulation of the multiple
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Table 1 AR expression in human breast cancer cedl fines
Cell line Maolecular dubtype ARls) e pressed e rauca
TaTD Luminal A [ER, PR, HER2 ") AR, - AR, mac- ARl -
MCF7 Luminal A ER", PR™, HERZ™) AR, am-AR, cyAR, frAR, fo-AR s
ZR75 Luminal A ER", PR™, HERZ™) AR, fr-AR '-"
BT474 Luminal B ERT, PRT, HERZT) BrAR "
SKBR3 HER2 {EF, PR™, HERZT) BrAR "
MDA-ME-453 HER2 {EF, PR™, HERZT) BrAR w
MDA-ME-231 Basal (ER-, PR™, HER2 ) AR T manm
MDAME-468 Basal (ER, PR, HER2 ") FrAR, frAR 1,03
HS5 78T Basal (ER, PR, HER2 ") aaa-AR =

cellular processes that drive breast cancer remains a matter of
int=nze debats.

In this review, we discuss the cument knowledge found in the
literature conceming predinical and dinical data on SN5 modula-
tion of breast cancer. Most patients with metastatic breast cancer
present severs skeletal complications such as hypercalcemia, pain,
and an increased incidence of factures'®. Therefore, insight into
the sympathetic regulation of bone metastatic disease i abkao
discussed in the following sections.

BREAST CANCER AND THE SNS: A COMPLEX PICTURE
Adrenoreceptors [ARs) have been reported to be expressed in a
wide range of breast cancer cell lines (Table 1) as well as in tumor
samples from patients with breast cancer’™ ", AR oversxpression,
particularty B,-AR overespression, was found to be comelated with
poor prognosis of ER~ breast cancer patients in a recent study by
Kurozumi et al”’", whete inmune biom arkers, such as the grades of
tumaor-infiltrating lymphocytes and programmed death ligand 1
axpression, were shown to be significantly reduced in these
patients. Another report by Liv etal’” demonstrated that the f-AR
level was comelated with lower disease-free survival and higher
lymph node metastasis rates in a small cohort of HER2Z™ breast
cancar patients. Both of these studies point to a putathe role of Br
AR in breast cancer pathology, but sorutinizing the mechanisms by
which it promotes disease progresdon is still a complex exercise. In
this section, we amemble the available data regarding the effect of
multiple ARs on breast cancer, from primany tumor prol feration
and survival to extracellular matrix {ECM) invasion and entry into
the systemic droulation.

Proliferation and survival

Cancer cell prolferation and apoptosis inhibition are orudal
hallmarks of cancer’™. Adrenergic signaling has been implicated
in sveral apoptosis pathways, and it has been previously
suggestad that endogenous catechalamines directly exert prosur-
vival effects on breast cancer cdk™ " [Figs. 1, 2. Epi was
desaibed as an antiapoptotic stimulus in human breast cancer
cells in witro, inactivating the proapoptotic protein BAD through
phosphorylation in a PKA-dependent manner™ Furthermore,
another in vitro experiment by Resder et al. showed that NE and
Epi decrease the eficacy of commonly usd drugs targeting
proliferating cells, such as paclitaxel, dnce these catecholamines
amest MDOAME-231 breast cancer cells in G1 phase, decelerating
the cell cyde™. These results are corsistent with evidence from
other in vitro studies showing that By-AR agonists inhibit triple
negative breast cancer cell proliferation and DMA synthesis ™47,
Strikingly, low concentrations of Epi increased MCFTF and MDA-MB-
331 cell proliferation, while the B-AR agonist isoproterenol
decreased the proliferation of both cell lines™’. These findings
could be explained by the obsenation that Epi was shown to
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Fig. 1 Sympathetic control of breast cancer progresion. NE
released from sympathetic neurons dosely assodated with blood
vemels, a5 well as Epl that diffuses from the drculation, modul ate
several imporant hallmarks of breast cancer such as survihal
anglogenssts, immune survallance escape, BCM remodeling and
invasion. NE norepinephring; Epi. epinephrine; TAM.,  tumor-
asodated macrophage; BCM, extracellular matrix

differentially bind to distinct ARs depending on its concentration,
with greater affinity for a,-AR at nanomolar concentrations and
shifting to B,-AR binding at micromolar concentrations™. More-
aver, the increase in proliferation evoked by low concentrations of
Epi was alwogated by the addition of the arAR antagonist
rauwolscine™. Exciting questions remain, such as the following:
what is the impact of fluctuations in Epi or NE levek in the tumor
microenvironmeant on breast cancer progression, and how can this
knowledge be translated to a dinical setting? There is already
recent in vivo evdence that sheds some light on the impact of
circulating Epi on tumor growth: Walker and colleagues have
shown that adrenal denemation and inhibition of Epi release do
not impact disease progression .

Some observations from in vivo studies point to a negligible
effect of B-ARs on primary tumor growth, since compared to
wehide contral treatment, isoproterenal stimulation of orthotopic
breast cancer tumors did not change primary tumor prolifera-
tion” " It is undear whether these results arose from the
direct action of AR on tumor c2ll prolferation, inhibition of
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Fig.2 Adrenergic receptor downstream signaling. fb-AR activation triggers several downstream sign aling pathways, mediated by an increase

I+

in intracellular cAMP leading to Ca™ release, ap
are quickly desenstized hynjg.a mesting after liga

oE(asis il it on - through
rid binding and signal transduction. Alematively, a,-AR stimul ation has also been deseoribed to

phosphory ation of BAD, and cytoskeetal rearrangement. fl-ARs

promote invasve phenotypes through PRC-mediated signaling pathways. ME, norepinephrine; TAM, tumor-assod ated macrophage; BECM,

extracellular matrix

tumor growth by other cell types in the stroma or even a
combination of direct and indirect effects. Another study using
human xenografts in  immunocompromised mice  reported
increased ERT/PR™ breast cancer tumor growth after inoculation
with the a,-AR agonist donidine®”. The increase in tumor growth
was accompanied by a similar increase in the proliferation of
tumor-associated fibroblasts, and thus, an indirect effect of a,-AR
agonism through the tumor microenvironment cannot be ruled
out®". It is also intriguing that Thaker et al. reported an increasein
MDAME-231 tumor growth after chronic stress induction in an
orthotopic breast cancer model™, contrasting with the studies
previously discussed. MNotably, phan'namlngiﬁl B-AR acthvation
szems to inhibit primary tumor growth’ ', while endogenous
chironic stress either causes negligible effects or increases tumor
growth ™ #**~** This ahservation raises important questions, such
as whether compensatory mechanisms are exsrted by other ARs
in endogenous stress models, since Epi and ME can stimulate both
a-ARs and B-ARs. In fact or-AR antagonists were shown to
counteract the inorease in tumor growth evoked by restraint
stress™. Lambkin and colleagues also showed that in the absence
of chronic stress, a,-AR blodkade recapitulated the tumor growth
observed when the SNS was endogenously activated™, adding
another layer of complexity to the impact of SMNS dgnaling on
breast cancer. This effect probably arises because presynaptic a,-
ARs in peripheral SN neurons establish a negative feedbadk loop
to control NE release from neuronal terminals™ . Thus, blockade of
a,-ARs in the absence of chronic stress increases the rdlease of NE
in the tumor microenvironment. mimoring endogenous activation
of the SHS.

Angiogenesic

Az breast tumors proliferate and grow, the need for mutrients and
cotygen rises concordanthy. These needs are met by the sprouting
of new blood vessels that give rise to a network of often abemrant
vasculature in the tumor microenvironment™. The SNS has
emerged a5 an important player in necangiogenesis, since it has
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already been shown that sympathetic outflow can induce the
seqretion of proangiogenic factors, namely vascular endothelial
growth factor [VEGF), by breast cancer cell™*** In addition,
direct cellcell contact between breast cancer cells and endathe-
lial cells leads to inoreased formation of capillary structures
in vitro, a result markedly potentiated by the addition of ME™. This
effect was suggested to be mediated by the By-ARPKAmMTOR
pathway and by upregulation of the Wotch ligand Jagged-1,
directly avgmenting Motch signaling in endothelial cells™.
Interestingly, there seems to be a cellspedfic response to BAR
agaonists in terms of VEGF ression that s not entirely due to
differential f-AR expression”. P-AR agonists were found to
increase VEGF production in a brain-tropic variant of the MODA-MB-
231 cell line in vitro but not in the parental cellline or in cells with
low PrAR expression such as MOF? cells®’. Distinet targets of
downstream effectors of the frARPEA pathway in the different
cell lines might explain the disparity in terms of angiogenic
responses.

Other players have recently been suggested to be invaolved in
the sympathetic regulation of tumor angiogenssis. Adivation of
peroxisome proliferator-activated receptor ¥ (PPARY) was shown
to markedly deoease VEGF expression in 4T1 mwrine breagt
cancer cells in witro, and ME was shown to inhibit PPARy
expression in these cells™. This inhibition was abrogated by the
addition of KC1118551, pointing towards a f-AR-mediated effact™.

In addition to the in vitro data previously discussed, acounulat-
ing evidence from several in vivo studies indicates that chronic
stress modulates necangiogeness and the lymphatic vasculature
in breast cancer. Chronic restraint stress, as a model of
endogenous SMS  activation, was found to incease VEGFC
seaetion from MDA-ME-231 orthotopic tumors in immunocom-
promized mice, as wdl as from &6d4 tumors in immunocompe-
tent mice, leading to increased tumor lymphatic vessel density™.
This effect was recapitulated or alwogated by isoproterenol or
propranolol treatment, respectively, suggesting the existence of a
B-AR-specific signaling pathway™. Stress-induced production of
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VEGF in 6&6cH primarny breast tumaors in mice and a consequent
increase in vascularization were also described ™. The increased
tumor vasoulature was also suggested to be an additional route of
cancer cell escape™" (Fig. 11 fadilitating metastasis, as discussed
in the following sections

Imimune system modulation

The crosstalk between the SNS and the immune system in the
regulation of inflammation is already recognized. Dendritic cells
and monocytes express both the o-AR and AR subtypes and
adrenergic acthation in these cells leads to downregulation of
tumor nerosis factor a (TMF-a), IL-1, and IL-6, resulting in the
promotion of an immunosuppressive phenotype™. The effect of
the SW5 on the different immune cell populations in the context of
inflammation and hematopoiesis has already been previoudy
reviewsd®’.

Among the many cdlular components of the tumar micoenr-
onment that are affected by SN catecholamines, tumor-asodated
macrophages [TAM:s] are orudal for canmcer progression. SMS
sgnaling prompts breast cancer celk to seoete proinflammat any
cytokines, such as IL-6"" and M-CSF, which can enhance the
recruitment and infiltration of macrophages into the pamany tunmor
[Fig. 1. On the other hand, Pe-AR acfivation in macrophages
increases the expression of cancer progresson-promoting factors,
such as transforming growth factor B (TGF-B), matrix metalloprotei-
nase MMP) 9, VESF and cyclooygenase? (CO0N2L in vivo
Macophage espression of 02 and consequent secretion of
prostaglandin E2 (PGE2) further drives the production of VEGFC by
aancer cels to induce lymphangiogenesis™. In addition, in an
orthotopic breast cancer model, peripheral sympathetic nene
ablation usng Shydrosydopamine led to inhibition of TAM
recruitment and to a decrease in tumor IL-6 levels™.

Upon chronic stress induction in syngensic breast cancer
mouse models TAMs are mosthy primed towards an imimunosup-
pressive M2 phenotype: genes such as Arginase-1 and IL-10 dre
oversspressed, while M1 phenotype-characteristic genes  are
conversely downregulated™ . In addition, Bucsek et al reported
a significant decrease in tumor-infittrating effector oytotosdc D&
T cels upon f-AR activation and concomitant 4T1 breast cancer
tumor growth ™. Inmun csuppresive CD4™ Treg cells and splenic
myeloid-derived suppresor celk were ako elevated in stressed
gz,

Furthermaore, and in agreement with the reports discussed
abowve, Kamiya et al elegantly illustrated the influsnce of tumor
symipathetic innervation on immune chedopoint sopresson and
cancer progression . With a wiral vector-based tool, the authors
were able to spedfically denervate the tumor stroma without
affecting sumounding tissues™. The subsequent decrease in tumaor
ME content abrogated tumor growth and metastatic spread.
Moreover, sympathetic denervation downregulated  immnune
checkpoint molecules, such as programmed death 1 (PE-1), in
B-AR-expressing C047 and COE™ tumor-infiltrating hrmphocytes.
The authors obzerved the same outcomes in chemically induced
and spontansous breast cancer models and reported comrel ations
between the density of sympathetic fibers, PO-1 expression and
tumor recurrence in a small cohort of human breast cancer
patients ™

These observations reinforce the hypothess that SN%driven
immunosuppression and subsequent evason of immune sunceil-
lance play an important role in breast cancer progresson

Extracellular matrix invasion

As the disease progreses, a cascade of cellular events triggers the
ability of breast cancer cells to remodd and invade adjacent
tissues, aventually escaping into the droulation through intravass
tion into blood or lymphatic vesels™. Crosstalk between the
tumar microenvironment and breast cancer cells is crudal for the
acquisition of invasive features, and the SNS has been directhy
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linked to the process of epitheliaMo-mesenchymal transtion
(EMT)*

Adrenergic signaling namely, through f-AR has been shown
to directly modulate several cellular processes in breast cancer cdl
lines. Isoproterenal stimulation led to inoreased invasive capadty
of highly metastatic MDA-MEB-231 cells in vitra, and this effect was
BrAR specific™. Interestingly, oversxpression of Br-AR in MOF7
cdls resulted in increazes in the number of invadopodia and the
invasive capadty after incubation with isoproterenal™.

The molecular mechanisms  that gowern this  adrenergic
response have begun to be duddated in recent years Stimulation
of By-AR in vitro causes the accumulation of intracellular cAMP
through the Gaadenylyl cydase pathway and consequent
dephosphorylation of ERK1/2*". This increase in cAMP activates
PEA and exchange protein directly activated by cAMP, leading to
increased mobilzation of Ca'" in a feedforward loop that
ultimately drives cell invasion mechanisms*’ [Fig. 2L In other
in witro studies, BAR activation led to increased motility and
invasivensss of MDA-MB-231 cells, partially through changes in
actin remodeling and contractility and an increase in plasma
membrane protrusions**? Interestingly, the B-AR agonist iso-
proterenaol reduced the number of focal adhesions while
increasing the number of invadopodia, favoring motility in
three-dimensional spaces but not on two-dimensional surfaces™.

Although most of the available data in the literature are from
experiments with BrAR and MDA-ME-231 cells, other cell lines
and ARs should not be owerlooked. Dezong et al. reported that
invasion and migration mediated by the proto-oncogenic tyrosine
protein kinase Src were modulated by different ARs in the MDW-
MEBE-231 and MOFY cell lines in vitro, namely, Bo-ARs and a,-ARs,
respectively” . Src was found to be targeted for phosphonylation
wvia different signaling pathways, ie, PEA in MDA-MB-231 cells and
PELC in MCFT cells™. These data might explain the seeminghy
contradictony results observed in previous studies, where the
migration capacity of MCFY celk was described to be decreased
upon stimulation with the B-AR agonist isoproterenol’’. The same
study reported a deorease in MDA-MEB-231 cell migration after
oproterenol stimulation’”, possibly because a parental MOA-ME-
231 cellline was used instead of a highly metastatic variant of the
MOAME-231 cell line® ™%,

In addition to the direct effects of ME on breast cancer cells,
stimulation of tumor stromal a,-AR was reported to promate
bireast cancer progresson and invasion. Pharmacological activa-
tion of a,-AR bt mot a,-AR or B-AR increased the rate of
mietastasic in a synganeic orthotopic breast cancer model . These
changes were comelated with altered collagen structure and were
cancer c2ll independent, since the cell line used did not respond
to ME in vitro™' . However, no insight was provided on the stromal
players targeted by a;-AR agonizts that are inwolved in collagen
remodeling.

Az can be appreciated by the collective results of previous
studies, the interplay between breast cancer and the SMS is
extremely complex. Clearly, knowledge concerning the combina-
tion of a-AR and B-AR signaling on cancer progression, as well as
on the distinct cellular players in the tumor microenvironment, is
still scarce. Therefore careful consideration should be exerdsed
when designing experiments and therapeutic interventions.

BREAST CANCER METASTASIS AND THE BOME NICHE

After escaping into the vasculature, breast cancer cells dissemi-
nate and travel towards distant organs in a complex mukltistep
proces that has not yet been fully elucidated. Breast camcer
exhibits specific tropizm for organs such as the lung brain, lver
and bone, and there are indications that this tropism is assodated
with breast cancer recaptor status™ . Luminal A/B tumors are the
mast prevalent subtype in patients with breast cancer, and they
miostly metastasize to bone™~* Luminal A/B bone metastases are
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typically indolent in the first years of follow-up, and patients
presenting only bone metastases have higher overall survival rates
than patients presenting metastass to other distant sites .
However, 0% of all latestage breast cancer patients exhibit
bone metastatic foci leading to severe complications such as
hypercalcemia, pain and bone fractures™. Metastatic fod are
found mostly in long bones, ribs, the pelvis, and vertebras, which
contain abundant marrow and provide an immune  context
favorable for cancer cell survval; the bone marrow microenviron-
ment is crudal for the maintznance of the hematopoistic stem cdl
niche™. In addition, bone stromial cells secrete a combination of
cytolines and growth factors that favor breast cancer cell homing,
survival, and proliferation®’. Breast cancer cells establish close
interactions with bone cells, namely, osteodasts and osteoblast-
lineage celks, and the SNS can potentiate this crostalk

The metastatic vidous cycle
The skeletal system plays a critical role in all stages of human
development. The skeleton is responsible for locomotion; it is the
preferential site for hematopaiesis, regulates mineral homeostasis
and protects vital organs, such as the brain, heart and lungs. it is
therefore crucial to maintain skeletal structural integrity and
function throughout life. This maintenance is achieved mainky
through a highly dynamic bone remodeling process, where the
bone matrix s degraded and subsequently replaced by new
mineralized bone in a coordinated fashion. Osteodasts are
spedalized multinudeated cells of the hematopoistic linsage that
are able to demineralize and resorb the bone matrix using a
combination of secreted enzymes, such as cathepsin K (Cath)™
and tartrate resistant acid phosphatass™. During resorption,
factors secreted from osteoclasts and byproducts of bone matrix
degradation recruit precursors of bone-forming c=lls, coupling
bone resorption and bone formation. Thes precursors of a
mesenchymal lineage differentiate into mature osteoblasts which
are then responsible for the deposition of high amounts of BCM
proteins and for their mineralzation™. Ostecblasts can then
entomb themsehres in the matrix that they produce and transform
into asteocytes These cells account for more than 906 of the cells
present in cortical bone and hawve long extensions, oeating an
interconnecting network batween osteocytes themsehves and cells
in the bone mamrow®'. Osteocytes are thought to have an
endocrineg™ and mechanosensitive role®*** in bone, participating
in complex adaptations to internal and extemal stimuli

Breast cancer often leads to highly osteolytic bone metastases,
where cancer cells axploit the normal bone remodeling process
and shift the balance towards inceased bone resorption
Parathyroid hormone-related protein (PTHP), MMPs and PGE2
are some of the factors released by tumor cdls that modulate the
expression of receptor activator of NF-+8 ligand [RAMEL) by
ostenblasts, which is a master regulator of osteodast differentia-
tion™***. Increased RAMKL production by ostecblasts and osteo-
cytes in turn enhances osteoclast differentiation and activity,
leading to extensive bone degradation. On the other hand, bone
matrix-embedded factors released during resonption, such as TGF-
B. insulin growth factor, and platelet-derived growth factor, further
stimulate tumor growth and perpetuate a "“vidous cycle” of bone
destruction®”. Biphosphonates and denosumab fan anti-RANKL
human monodonal antibody) are commonly used as adjuvant
therapies for the treatment of metastatic bone disease to
nomalize the level of osteodastic activity™. Howewer, although
these treatments alleviate skeleton-related symptoms, new and
maore =ffective therapeutic targets are needed to suppress the
establichment of the vidows cycle.

The SMS and bone metastatic disease

Bones are highly innervated organs, with a high density of sensony
and sympathetic nerve fibers in the periosteum and along blood
vessels in the bone marmow™ . A physical and functional
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Fg. 3 The bone metastatic niche and the metastatic vdous cyde.
Once engrafted in the bone breast cances celk secrete
ostendastic factors such as PTHE PGEZ, and MMPs, which i
the expression of RANKEL by osteoblasts and ostencybes, promoting
ostendast differentiation and activity. In turn, factors released from
the bone matrix enhance the growth of cancer cells, establishing a
metastatic Wolous oyde that leads to extensive bone degradation.
ME, norepinephrine; BMSC, bone marrow stromal el

assodation of nerve fibers and bone cells is to be expected™,
since the nerve fiber density IS wsually increased near surfaces
with enhanced bone turnover’ "

Although cdls of osteoblast a'ud ostenclast lineages have been
reportad to express a-AR mRNA, its relatwem;;mssnn comparsd
to that of the B-AR subtype is greatly reduced ™™, B+-AR but not
Ba-AR or PrAR is widely expressed in primnary nsteodasu and
ostenclastic cell lines™, as well as in csteoblast lineage cells™ ™.
B-AR is fully functional in baone cells, since AR agonism triggers
an increase in intracellular cAMP in wvitro ™. Interestingly, cells of
the osteoblast lineage also express moncamine oxidase (MAJa
and MAORE™, aswell as the NE transportsr™, and are thus able to
taks up and catabolize ME from the external milisu.

B-AR activation in bone triggers osteoclastic differentiation,
diminizhed bone formation and comsequent bone  loss
{reviewed in®"), mostly dus to an increase in RANEL production
by csteoblast lineage cells in wive™** [Fg. 3). Similardy, BrAR
agonism was reported to inorease RANKL production by the MLO-
4 osteocytic cell line in vitro and consequently to induce the
differentiation of the RAW284.T osteoclastic cell line in coculture
experiments™ Although osteocytes have received increasing
attention in recent years regarding their role in the modulation
of breast cancer progresson™ ™ data on the action of adrenergic
signaling pathways on osteocytes in this context are still scarce.
Ostencytes express f-AR, and as they are the most comman cell
type in bone, the importance of their putative crosstalk with the
SMS in breast cancer should not be overlooked. Regardless, SMNS
activation of osteoblast-lineage c2lls seems to further potentiate
the establishment of a metastatic vidous cyde upon bone
metastatic colonization of breast cancer.

Campbell and colleagues have made important contributions to
thiz field of ressarch In a2 mouse model of bone metastasis
established by intracardiac injection of bonetropic MDA-MBE-231
cells, the authors showed that adrenergic stimulation of the bone
stroma potentiated the establishment of the metastatic vicious
cyde"". Chronic immobilzation stress, a a model of endogenous
sympathetic activity, was us=d to demonstrate that augmented
catecholamine lewels led to the formation of larger osteohtic
lesions, an effect mediated by By-AR"". Moreower, isoproterencl
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Fg. 4 Breast cances cell extravasation into the bone niche. NE
stimulation of stromal f2-AR is assodated with an inoreased redease
of VEGF and IL-1f, which leads to augmented angiogenesis and
axpression of P- and E-sdecting in endothelial cells. The latter event
promotes breast cancer cell extravasation from the ciroul ation into
the bone marmow

administration before injection of breast cancer cells inoreased the
numbers of tumor fod and lesions in bone, suggesting that
symipathetic triggering in the bone microenvironment fadlitated
breast cancer cell engraftment. The authors suggested that this
afect was partially due to RANKL signaling and its chemotactic
action on MDA-ME-231 cels™.

In addition to augmented RAMEL signaling, adrenergic stimuli
promoted breast cancer extravasation and retention in the bone
through modulation of the bone wvasculature. Mude mice
subjected to either chronic immobilzation stress or isoprotersnol
administration showed increased VEGF-A expression by bone
marrow  stromal cells [BMSCs) and consequent angiogenssis
which resulted in the promotion of breast cancer cell coloniza
tion™". Furthermars, incubation of BMSCs with isoproterenal led to
the release of IL-10, which in turn activated E/P-selectin expresion
in endothelial cells and enabled the adheson and retention of
breast cancer cells in vitro™ (Fig. 4).

Interestingly. the imermplay between the SMS and breast cancer
in the bone metastatic niche is not unidirectional . Not only is the
M5 capable of induding breast cancer cell engraftment and
proliferation through RAMEL and WESF-A signaling, but conversely,
breast cancer may also be able to regulate AR dynamics in the
bone niche. Breast cancer cellseoeted FTHIP s a welbknown
modulator of bone  tumover in the metastatic  niche
ireviewed in™). PTHrP binds to PTH receptor 1 (PTHR1) expressed
in osteoblasts and upregulates RANEKL expression to promote
osteoclastogenesis, driving the vicious metastatic oyce®™. Inter-
estingly, PTHR1, Py-AR and thar comesponding downstream
pathways in ostechlastic celk s=em to be intimatsly connected.
Ling germiline f,-AR knodeout mice, Hanyu et al demonstrated
that B,-AR expression is required for the ostecanabalic effect of
FTH and that B,-AR modulates the expremion of FTHR1 targst
genes, such as RANEL, alkaline phosphatase, bone sialoprotsin
and osteoprategenin (a RANKL decoy receptor), in ostechlasts™
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Omn the other hand, FTH was shown to directly downregulate fr-
AR expression in osteoblastlike MCIT3-E1 cells in vitro™. This
interdependency might be explained by common intracellular
downstream effectors that are triggered by binding of their
comesponding ligands. Both FTHR1 and B-AR are GP(Rs that
signal through the adenyld cydaze/PKA axis and promote the
phosphordation of cAMP-response element binding protsin to
induce transcription of target genes™. Furthermore, after ligand
binding. both receptors are rapidly desensitized through path-
ways dependent on Pamestin and B-adrenergic kinase 1959,
which can also act as protein scaffolds that subsequently lead to
the activation of the mitogen-activated protsin knases ERK1/2
and several other effector molecules™. However, while these
interactions have been desaibed to ocour between PTHR1 and fy-
AR in the context of intermittent PTH treatment, it is still unknown
whether breast cancer-secreted PTHP can elicit the same
response in the context of bone metastatic disease. Although
FTHrP and FTH share the same receptor, there are several
desaibed noncanonical pathways for the action of PTHP whoze
importance is still poorly understood®. Therefore, more data on
the interplay between FTHIP and fy-AR in breast cancer bone
metastasis are urgently required, since this knowledge could
change our understanding of the dynamics of f:-AR expression in
bone throughout the progression of this disease and facilitate the
design of new, more effective therapeutic options.

BREAST CANCER AND BETA-BLOCKERS: A CLINICAL
PERSPECTIVE

Although predinical data are extremely valuable for under-
standing the many processes that control breast cancer progres-
sion and metastatic spread, it is cudal to translate the results into
a clinical s=tting. In the past decade, inoreasing attention has been
devoted to the effect of sympathetic activity on breast cancer
patient survival and breast cancer recurence” ™. In this section,
we will review the published epidemiologic and dinical data on
the effect of several B-AR antagonists [henceforth called beta-
blockers) on breast cancer and discuss the limitations assodated
with the interpretation of the reported results.

Epidemiclogic studies have previously suggested that patients
with cancer subjected to high levels of psychosocial stress usually
have a poorer prognosis and survival than those not subjected to
these conditions'™. SN 5-targeting beta-blockers are thus potential
therapeutic options for cancer and are already widely used in
ather pathological settings, such as the treatment of asthma and
hypertersion'"""*. The safety profile of these drugs i wdl
desmibed, and they are not assodated with an increased
incidence of breast cancer, as evidenced by previous epidemio-
logic studies’™*"™

A proof-of-prindple study performed by Powe &t al. analyzed
the effect of beta-blocker presoiption prior to breast cancer
diagnesis on patient survival’®. Reduced tumaor recumence and
metastasis inddence and increased patient survival rates were
reported in the beta-blocker-treated group, with no significant
differences in tumor stage, tumor size, tumor grade or vascular
invasion between the treated and placebo groups.

However, the population size in that study was relatively small,
and no distinction between the type of betablockers used was
induded in the analsis™. Atenolol and bisoprolol are B.-AR
spedfic, while propranolol and timolal are nonspedfic B, 5-AR
antagonists; therefore, the contributions of the different ARs to the
reported results cannat be isolated. In fact, another population-
based study by Barron et al showed a beneficial effect of
propranclal but not atenolol on breast cancer metastasis and
patient survival'™ . Interestingly, Melhem-Bartrand et al reported a
beneficial effect of the f-AR-targeting drugs metoprolol and
atenolol on the recumrence of triple-negative breast cancer (TNEQ
but not on BR-postive breast cancer, highlighting the importance
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Table 2. Summary of spidemiclogic studis regarding the influence of fblockers on bresst cancer outeom e

Treated group size’
total size

ABlocker

wied |population dire) (HE: O)

Improved patient survival

Reduced tumaor recurrence  Reduced incidence of
{HE: TN metastadi (HRE O)

Reference

43/456 Atenddal (25]
Propranakel {7
Bisoprolol (7]
Timal ol {4
Atenadal (525
Proprancdal {701
Atenolal {-)
Metapralol (-]
Proxpranadol (-]
Others -]
Metoprodol [43)
Atenoldol (38)
Others 21)
Carvedilal {11]
Sotakel (3]
Atenodol (27)
Betamodol (1)
Bisopradal {1 1)
Metapralal (8]
Mabiwalal {13)

Meatopradol {1 793
Arenaodol (622

Propranalol (586
Others §555)
Prapranalal {1 770)
Carvedilal {22)
Sotakel (84)
Atenoldol (854
Bisoprodel [189)
Metopredel (45
Propranaolol {249
Bisopredsl (59
Metopralol @8
Atenolal (28]
Prospranadal {13]
Others (5]

MO

e (0291 @1159-0715)
5954 738 Yes (019 006060
20401 T3

Mo §0.76; 044-1.33)

1021 413 Mo {0064; 038-1.07)

74,800 Yes (R4 0U18-097)

3 66018 733 M.D.

1 TAO5S 52
1 443/5 754

Mo {0.54; 077-1.16)
Mo {1.11; 054-1.32)

1531 144 Mo {1.06; 085-1.29)

D3M56 Yes (DA% 023-099)

Yes (-] Vet §0A30 020009261 -

M.D. Yes ] e
No (084 057-132)

Yes, §0.52; 0.31-0.88) HD. e

Yes §0.52; 0.28-0.97) Yes §032; 0.12-0.90) T

Ha {1.3:1.1-135) KD,

M. -
H.D. e

MO
HD.

e §0.81;0.56-0.99) ND. e

Mo (293 039-225) Yes §0.40; 0.17-0.93) "

HE hazard ratia, O 95% onfidence interval dower limit-higher imit), AD. no data

of breast cancer receptor status on the responss to beta-
blockers™™. Thus, it is still unclear which receptors are the main
contributors to the reported benefidal effects of beta-blockers on
breast cancer recumrence, and this topic s a matter of intense
dehate. However, we hypothesze that a broader acting beta-
blocker, such as propranobol, could be even more beneficial than
spedfic beta-blodkers in managing breast cancer recumence and
metastasis.

Several studies have suggestad that beta-blocker usage could
be explored as an adjuvant therapy in breast cancer treat-
ment' 3 1" However, these studies have some limitations,
such as a retrospective design, small population size, difficulties in
the azssessment of beta-blocksr treatment duration and compli-
ance, of a lack of access to data on comaorbidities and other
medications. Other retrospective studies reported no correlation

Bayresr Ressgnch (2021199

betwean betablocker usage and reduced breast cancer-specific
maortality or recurrence™ =", and thus, the bensfits of thess
drugs remain controversial (for more details, refer to Table 2).
Randomized dinical trials are waranted to amess the dinical
relevance of betablodkers for breast cancer treatment

To owr kmowledge, the only results from phase I placebo-
controlled dinical trials published to date address the effect of
perioperative propranolol administration on several metastatic
biomarkers in patients with early breast cancer. Zhou et al.
reported deceased immunosuppression after the administration
of propranolol compared to placebo controls during  the
perioperative period of breast cancer surgery’' Propranolol
was ako shown to block the proliferation of patient-derived
requlatory T celk'™. Shaashua'™ and Haldar'* reported a
reduction in the expression of EMT-related genes in resected
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primary tumors from  patients simultaneously treated with
propranclol and the COX-2 inhibitor etodolac. The resected
tumors albo showed reduced espression of prometastatic,
antiapoptotic and proliferation markers; increased infiltration of
B-cells: and a decreased population of TAMs. Propranolol and
aodolac-treated patients also presented reduced levek of the
droulating inflammatory cytokines IFNy and IL-& and increased
lewels of MK cell activation during treatment'™. Another
randomized dinical trial by Hiller et al showed similar results
with the administration of propranclol for one week before
surgical resection of the primary breast tumor’™, In this study,
compared to placebo-treated controls, patients treated with
propranalol before surgery showed reduced EMT gene expresion
and increased dendritic cell infiltration and M1 macrophage
polarization in the resected tumors. Interestingly, compared to
dinically responsive patients, patients clinically nonresponsive to
propranclal (e, without significant reductions in blood pressure
and heart rate after beta blockade) showed decreased tumaor EMT
gene expresion, dlthough immune cell infiltration in the primary
tumor was changed . These dinical triaks pointed to a posible
beneficial effet of propranolol on reducing the metastatic
potential of primarny breast tumors However, adequately powered
dinical trials with a foous on overall survival and cancer recurrence
are still needed before propranolol can be used for breast cancer
treatment.

CONCLUSION AND FUTURE PERSPECTIVES

Despite the advances made in recent years, lnowledge on the
impact of endogenous stress on the complex interactions
govemning breast cancer disease progression i still incomplete
Thizs review summarizes and combines the awilable data
regarding SNS signaling in the orchestration of breast cancer.

To date, adrenergic signaling has been implicated in seweral
steps of disease progresson, promoting tumor growth, angiogen-
esis, immunosuppression and invasion (Rg. 1), While severa
in vitro studies and animal models have illustrated the intricate
control exerted by the SMS over cancer cellular proceses, the
contributions of the different ARs expresad in the muliple cellular
companents of the tumor micoenvironment remain puzzling.
Furthermaore, the inherent heterogensity of breast cancer presents
an additional challenge in modeling this disease. The distinctive AR
axpression pattems in breagt cancer c2ll lines widely used in the
vanious sxperimental models are certainly relevant, and maore
information on the adrenergic control of disease progresson in
different cell lines is urgently needed.

Modeling the various cellular and structural components of the
cancer niche i sill technically challenging. The use of immuno-
deficient mice i required for xenograft models bt the
contribution of the immune system is not considered in these
models. Thus, current in vitro and in wivo models do naot
completely recapitulate the complexity of the disase, but as
new, more complicated models are developed, disceming the
spedific contributions of each cell type becomes increasingl
difficult. Specific deletion of Bo-ARin nat only breast cancer c2lls
but also osteoblasts™ and macrophages’”” could be used as an
important tool to elucidate the role of this receptor in various
medels of the disease, although no modds of conditional By-AR
Imockout spedfically in osteodasts or osteocytes have been
described to date. Furthermare, microfluidic systems have several
advantages when compared to traditional in vitro modek since
they allow the compartmentalization of different cell types and
the introduction of fluid flow, which can be physiologically
relevant. Microfluidic platforms have already been developed for
the study of breast cancer metastasis to bone’ ™", but modeling
the SM5 in these platforms is still challenging.

Metastatic tropismn for bone is an evident feature of breast
cance, and bone is the most common site of metastasis in luminal
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breast cancer patients . Although adrenergic stimulation of the
bone microenvironment is thought to inoease osteolysis and
potentiate the metastatic wicious coyde, the SNS-controlled
interactions between breast cancer and bone cells remain mosthy
unexplored, apart from the contributions of Befterou and his
group” "™ _Although the use of luminal A breast cancer cell lines
in bone metastasis modds presents technical challenges due to
the less invasive phenotype of these cell lines, it i oudal to
understand the molecular changes that might be elidted by the
SNS in thes cells. Futhermore, since luminal A tumors are the
most common subtype of breast tumaors in patients, the use of
luminal subtype breast cancer cells in in vitro and in vivo models
of this disease i cerainly more dinically relevant than the
currently widespread use of aggressive TNBC cells.

Future developments in nowvel targeted therapeutic strate-
gies, such as tumor-spedific denervation via viral vectors™, are
exciting fields of ressarch that will require input from various
areas of expertise before becoming applicable in a dinical
setting. It is still unclear whether this technigue can be applied
to locally and spedfically denervate bone in preclinical studies.
In addition, other denervation techniques, such as chemical
sympathectomy by local delivery of guanethidine into the
femoral bone marrow via an osmatic minipump, have been
established™, which could help to darfy the role of
symipathetic nemves in bone metastasis.

Finally, dinical obsenations on the usage of beta-blodkers for
the treatment of breast cancer suggest that interfering with SNS
signaling could have bensfidal effects on patients, particularly in
the control of metastatic spread. However, systemic administra-
tion of beta-blodkers can also have unforeseen consequences
on the progression of breast cancer, and adeguately powersd
clinical trials are needed before their therapeutic implementation.
Targeted drug delivery systems could addres the cumenthy unmst
clinical challenge of circumventing the disadvantages of systemic
beta-blocker administration. The unique biochemical and biophy-
sical characteristics of the bone microenvironment provide the
means for targeted drug delivery to bone metastatic tumors.
Bisphosphonates™™, addic amino acid peptidic sequences',
liposomes'®, organic’ ™, and inorganic™™ nanoparticles, chimeric
peptides targeting Catk™™® and HERI-targeting nanopartides™™
have been previously wsed to achieve bone metastais-spedfic
drug and gene delivery in vivo. Whether these strategies can be
used to deliver SM5-targeting drugs specifically to the bone
microenvironment and whether they can be translated into a
clinical benefit remain to be duddated.

Taken together, the data summarized in this review highlight
the importance of SN5 activation in breast cancer. In the next few
years, exciting new developments are expected that would allow
us to complement our understanding of the molecular cues that
drive breast cancer progression.

AKNOWLEDGEMENTS

This woskk wias firanoed by REDER—Fundo Ewopey de Desenwoldmento Reghonal
funds Swough the COMPETE 2000-—0Operacinnal Pogamme for Com pestiveness
and imemasondisson POO) Porugal 2020, and Pomuguese funds Swough FCTY
MCTES In T Famewnic of the projed “SpmwmDC” POCH0N-0N25-FEDERC30155
FIDOMED-PATAONSSE0T7L FC & 2 mapent of the PhD. felowship SFRHED/
TZETTIE017. DME. Is a redpient of e postdociord feliowship SEREEPDI 115347
roci [

ADDITIONAL INFORMATION
Competing intereste The authos dedam no @MPEIng IMees

REFEREMCES
1. Lyonis, © E ot al. Optogenaticindunsd spm pahatic naumm odulaton of bewen
adipoce Sooue Ewrmnoganais FASE ) 34, TTRE-TTH (2001

B Fesagnch (2021199



1 Cole, 5. W, Magamja, A %, Lutgendoef, 5 I, Geeen, P. A & Sood, A K Sympa-
thetc nereous systam ragulation of $he wmow micmenvimn ment. Maf. G
Cancer 15, 563-572 (ANEL

3. Famyama, Y. ot al Sgnals from the smpatetc nereous sysem regulate
hematopoiesc stem. Cel Bar. Bone Mamow Cofl 124, 207401 (20051

4 Mari, B K, Oshorme-Lawren ce, &, Vijyamghavan, P, Hepher, C & Zigman, 1M
f-Admremic mcepior daciancy in ghrelin-espmssing cels causes hypogly-
camia in susceptble indvidwk ) Cla, dovectig. 126, 3457-3478 PO1E).

5. Ami, M, Magasaws, T, Eoshihara, Y., Yamamom, 5 & Togar, A Efacs of
Pradmnesgic agonists on bone msorbing oty I Fuman osteo das tHike oplls.
Blochim. Blophys. Acta (B8 )—Mad Coll Bes. 1680, 137142 (D031

& Huang H H, Brerwan, T_C, Mair, MM & Mason, B S Fondtional al- and fi2-
ad'mr\g-: mcapioes in human esscbbsts 1 Call H:;,nu' IO, IET-ITE (DT

7. Wy Lot . Bdmctoral mie of fi2-admnergic receptor i auaimmune dis-
wases_ Front Phammaomd 9, 1313 0181

B AL D C et al fAdrenemic renepton, an exsental et in cardiovascular dis-
expes. Heart Fal. Bew 35, 343-354 (30001

9. Gakvano, A et al Dencsumab for bore heal®h In poshi and brmst ancer
[Patients PecRng endogine Serapy? A SymEmatc radew and 2 mea-aralyss
of mndomized tas | Bone Oncol 18, 100252 20190

0. Powe, DG & d Bate biodoer drug theopy reduces secondasy ancer fornma-
tion in bmast cancer and Impeoees cancer specfic sundval Oncotamet 1,
EIE-538 0101

11. Campibedl, L. F. & al. Samultion of host bone mamw stmmal ool by sym-
pathedc nerees promo ies heast cancer bone metistics in mioe. ALOS Bl 10,
w10013& F0EL

12 Ohadowid, M. M 5 et d Guoorfoids promoie beast cancer metastass.
Mature 56T, B0-544 NI

13. Permon, L, Baimg, L, Hwel F. &Mayer, F. Antibypestan sive deug use and the rigk
of prostabe canoer (Carada) Caneer Couses Conbmd COC 15, 5352547 (3004]

14 Hassan, 5 @ al Befodora stess accderates pmshie cncer development In
mice. d din Areesty. 123, 72386 (2013)

15. Magnon, C & al Ao nomic nene devsiopment conrbutes to pmstae anor
progression. Saenoe 341, 1236361 (0131

16, Daesdoar, A M. 2t al. Sympathets sgraling mactivates quissoant dissem inated
prostaie cancer cells In fiebone mamow Mol Concer Bes. 15, 16441655 3NTL

17. Coary, C. ot al nfluence of the neual mMooerdnanmant on QROSTENE Cn O
Proshake 78, TEE-139 (308

12 Nmener-Andmde, | M. et al Bone cnoer pain. Ann. A ¥ Asad 5l 1198,
173121 3010

19, Lin, DL et al A HerZ-et 7-f-AR decuit affecs pognass In paban s with HerZ2-
poskiee Drast canoer BMC Concer 15, 832 (20151

0. Fivem, E M. ot al Pmgnostc sgnficance of o and f3-adenocepinr gene
eaprecdhon in breast cnoer poSens_ B 1 Ol Phamnossd, 85, 21433154 { 3NSL

3. Kuramumi, & et dl [Z-Admenesgic rceptor expression Is assocated with bio-
markers of tumor Immunity and predics poor pEgn asis N EST0gEN mOEn -
regatve bmast anoer Beash Concer B, Teat. 177, 603-610 (30191

2. Harakan, D & Weinberg Robert A Halmarks of cancer e next genemzon.
Coll 184, BE-ET4 (311).

3. Pére Fifem, O, Brzone, A, Samppa, M, Gastlio, L & LOsvy, L wvolnament of
a- and fadrenompiors on bmast aneer odl poliferxion and tumowr
growth mguiation. Be A Phamanol 166, T21=T36 (D170

34 Sacwy, BLE R ot 4 Epirephine prowcs anosr ol oo apopiosis via 2t
wagon of cAMP-dependent petein kinase and BAD phosphorglation. ) Siol
Chem, 282, 14094- 14100 (2007

25 Reader, A ot d. S hormones reduce the offiaoy of mditssl n mphe
negatve brext ancer thmugh Indudion of DNA domage B | Canoer 112,
14511470 F015L

36 Sloddn, T A etal. f-adenomptor signaling and s conwol of el mglication in
MDA-ME-Z31 human breast canoer cells. Breot Concer Sex Treat. 80, 182-165
000

37 Gamgiula, L & d Difemntal iSadrenemic moeptor exprasshon defines the
phenctype of non-tumatgenic and maligrant human beast cal lines. Onco-
tamer 5, 1005E2=10059 (2014

72 Wallor, A K et al. Qrulxing epinepheine s not raquimed for chronic sress to
enkance maashc Pk dnobgy 99, 19115 (2019)

59 Le, © P.etal Cheonic stressin mice mmodek lyrnph wasaulatum o proma e
tumonr ool disseminason. Mat Comman, 7, 10634 (D16)L

30, Shoan, B K. etal. The sympahedc neriou s system induces ameasasc swich in
Ewirmary bmast anor. Cancer Bes. 70, TO4Z-TO52 (20101

3. Bruomone, A et al al-Adranooeptors enhanoe cell pmlifenson and mammany
tumar grovwth acting thmugh both ®w stroma and $ie umorcels. Cur. Cancer
Drey Tamers 11, Te3-772 0110

37 Thaker, P. H & al Chonic sress promaotes umar geowh and anghogendsis in a
mouse moded of owadan arinoma. Mat Med 12, 935544 (0061

B Retearch (2021199

SNE and brasit cancer bone metastaim
F Conceigho et sl

B Lamkin, DL M. et al. ZAdenagc blockade mimics the enfandng effec of
dhwonic stmss on beast cancer progression. Prchoneumendocsinology 51,
BER-FT0 (015L

. Famip, A etal Genetc manipulatan of autonom i nere fier Innervagion aind
acwwity and s efien on breast ancar progesssion . Mot Arwoso, 22, 1289-1305
[r=ib

X Hen, L, Atman, 1 D & Kobilla, B K Two functonally disting aZ-adrenemgic
SR TS Mg uBte Sy paetic neunsTanemiston. Mature 802, 121-124 (19991

3. Magy L A, Chang, S, Thih, 5.-C, Dvomk, A M. & Dvomk, H. F. Hemm geneity
of the Tumor Vaouleure Semin Thomb, Hemod. 36, 37-331 (2M0).

7. Madden, K. %, Szpurar, M. L & Bown, E B J-Adenagc mopiors (AR mg-
ulate VEGE and -6 producton by divargent pafvays in high B-AReaprecting
ranst camcer ol lines. Seast Concer Bes. Treof, 130, ®7-T52 (20N17).

B (hen, H @ al Admnergic signaling prsmones angiog aness through andothedal
cellbumar cdl cmsstalic Endocr Belat Concer 21, TER-T95 (20K).

B/ Mhou, L et i Advaton of fi-admnergic receptor pmmotes growth and
an ghogenesis in beast anoer by down-mgulating PPARy Cancer B Treat, 52,
E30-B4T {3030

0. Sembem E M Neual mguiazon of nrae immunit: 3 oodiaed none
spedfic hast mgponise 1o pathogens. Mot Bew dmmunal. §, 318-328 (2006).

1. Hanoun, M, Marpanowich, M, Aral-Ecopd, A LFramete, P S Neual mguiaton
of hematopoiess, Inflammaton, and cances Newno BB, 360-373 0151

£ Sypurar, M. L, Badcher, E K, Dawes, A P. & Maddan, K & Sy phetic Ininer
tion, noespnen fene: contant and norepinepeine wmoeer In orthotopic and
spontaneous models of breast cancer. Brailn Behow dmman. 53, 773333 (30161

Q. Lamkin, DL M et al f-Adenergicstimulated mooophages compehernve
loclzaion in the M1-MZ spectrum. Sah, Sehar, dmman. 57, 338-346 (20161

44 Bucsar, ML L et al f-adenargic sigraling in mice housed at sandard wme
pemtums suppresees an offacior phenotype In CDET T cells and undesmines
dheckpoint inhibidr Serany Cancer Bes 77, 56395651 (1017

2 @l R & Chistolorl, G The mleance of BAT in brast cancer mebshsic oo
miagon of QUIEy? FEBS Lt SRS, 1577<1587 (2015

46 (rang, A et al. f3-Adenocepios on tumar oplls play a osthal role In st
enfanced meBsass in 3 mouse modd of breast @ncer. Sl Behay, kmmun.
E7, 105-11% (0151

4. Pon, O K, Lang L R, Soan, E K & Hals, ML L The fi3-admnocmporaciates a
postve cAMP-aldum feedionsand loop o dive breast cancer call Inasslon.
FASER )30, 1HA-T154 (D0EL

8 Creed, 5 Letad fFadrenocepior sigraling regulates invad opodia fosmation o
enfance wmor odl invadion. Beant Cancer Be. 17, WE (0151

& Hm, TH & d Canoer cells become bess deformable and mom Invasiee with
atwation of fradrenesgic sigraling. A Cell 50, 129, 45634575 (J016L

5. Dezong, G, Jongoing. M, Qmye. F. & Pigeng Y. Canedilol suppresses
migration and Invaion of malgnant breast cells by Iractiatng Src invaling
CAMP,/PIA and PRCS sigraling pathway_ ). Cancer Bes Ther, 10, 591 -5597 (30141

5. Szpurar, M L, Budce, K A, Dawes, A P, Bown, E B. & Madden, K 5 The
antdepressnt despamine and ai-adrenemgic mO@IDE adVaTon pROMOTE
brast wmor progression In assodaton with altesed colagen suchum. Ganoer
Prev. Res. &, THEE-12TZ (OTL

5. Soni, A et al Beast cancer subtypes predispose e sie of distant metsases.
Am. ) Cln Pathol, 143, 471-472 20150

2. lgratw, A, Egoemann, H, Burger, £ & lgratw, T. Paerms of beast cancer
mlapse in aocosdanos to biologial subtype. ). Conos Bar Ol Onood, 184,
13471355 300E).

5. Yang Hoetal impaa of moleniar subtypes on metastasc befador and ovenll
suniva In patients with matasaec beast aner: 3 Snghe-omer sudy com-
imed with 3 Bage cohort study hasad an he survallance, epidamiology and
and mesult database. Oncol Lett 290, 87 (20201

= Wellloecher, K N, Guise, T A & Moladey, L K Caner D bones 2 dal
racion. Mot Bew Dancer 11, 411-435 J017).

5. Fomett, ), Weim, A L & Stawart, 5. A Undersanding the bone In cancer
metstais | Bone Miner. Bec 13, J095-F113 (3015 .

5. Fang ¥.Dissedting fwmor-siomal imeracsons in beast @ncer bone metstass
Endocsinol Metah, 31, 206-212 (2016)

B Daks F. H ot al. Qfepsn K, but not cathepsing B, L, or 5, Is abundandy
expressed i human osisodass. J Bal Chem Z71, 1251112516 | 198961

= Hallesn, L M et al Tarmeressant add phosphatase Shza novel senum marker
of bone msonpeion. J. Sone Miner Se 15, 13371345 (20000

0. Eamt-Chaer, B, Gloteu, F H, an der Best M. & Pareira, G Osechots
Isolated from mouse calvaria initate maTi minaalzmtion inoukoe ) Gl B,
56, 539543 (15231

&1, Bamicka, H, Honjjo, T & Takano-Yamamoto, T. A shmss-diman soral distribuson
of omeocyte prooesses revealed by the combination of confocal Rser scanning
mirascopy and difierental inesfarence contmast mioosoopy Bone 28, 145149
el

SPRIKGER MATURE

183



SHE and brestt cancaer bone meLastei
F Coneeigho et al

10

184

&2 Feng, L etal loss of DMP 1 @uses ridoets and osteomalacia and id entifies
a robe for osteocytes In mineml metaboliom. Mar. Genet. 38, 1210=1215
E].

&3 Robiing A G @ d Mechanical stimulation of bone In vivo reduces osteocte
mpression of sostodesscting L Bl Chem, JE3, SS65-5S7% (00E]

&4 Eamel M A, Picoond, L L, laraCasslio, M & Johrson, ML L Actvation of
frcmenin sgraing in MLO-YS osteoqys: cdls wersus 213 cetechiactic cells by
flud flow shear srecs and PGER implicatons for ®e study of meckanocens-
B in one. Bone 47, SFZ-E21 (3000

&5 Yim, L L et . TR sigraling blackade inhibits P TP seoetion by beast canaer
aells and bore metastases deweloprnent. L Ol vesthiy 103, 197-206 (19990

65, Le Fape, F, Vamas, G & Odzaedin, P. The role of oseochsts in beast canoer
bone menstass ), Boane Oneol. 5, 93-95 (Z015L

&7, Mundy, G R Maashos o bos causes, onoequences and SwWeapeutc
opporunites. Mat Sew Conoer 2 584-593 (200G

&2 Fzad, K et d. Randomized phase B wial of denosumab in patians with bone
meamses fom posaE cnor, bEas Qnor, o other meoplasms afer
InTaenous bigphasphonates. J. O Onood, 27, 156241571 (20090

&5, Crasiar, 5. 8, Michell 5. AT, Myjuta, L A & Mantyh, P. W. The changing
smzay and sympathetc innarvation of the young, adult and aging mouse
fermur. Neumscence 387, 178190 (308

0. Leitia, L et 4. Osioblass am inhemnty pogammed o mpel smsory inner
saton. Bone Bar 8 70 (OO

T1. Syylelccheny, M. etal nesvaton ks higher abowe bone mmod ding surboe:s and
In cortical pores In human bone: bessors from patents with pamary hgper
pamsymidism. S B 9, B61 (0191

72 Fonsea, T. L etal Double dissup@on of aZfe and a2 -adenompton sl in
Tgmpatetic hypemaity and high-bonemas phenotype. | Sone Miner B
26, 591603 (HO1L

73. Nshium, T.& Abe, K.al-Adrenemic macapioer s2mulstion induces S sxpeession
of receptor acivator of nudear facior w8 ligand gane via prowein krase © and
ervacelubr sgrd-mgulaed kirase patways In MOGTIE] coscbistfike cells
Ach. Ol Blol 52, 778-T85 (20071

74 Himi, T, Taraks, K. & Togas, I_c|1-\.1-dnﬂu;k receptor signaling in o st
lasts regulates dodk genes and bone momhogens I pmitein £ expmssion
thmugh up-regulation of the tan scipsonal Sctor nuchear factor IL-3 NRE)/
B4 pmmoer-binding protein 4 (E48P4). ) Blol Chem 289, 17174=17183
[ EA

75 Kondo, H, Takeud), 5. & Togas, A @Adrensegic dgraling stimulates ooeo-
datogeneis wia reactve onygen spedec Am L Physiol -Endocring. Matah, 304,
ESOT-ES15 0131

75, Moorg, R. E, Smith, C K, Baliey, T X, Voslld, E- F. & Tashjan, A H Chamches-
Eaion of betaadrenemic rcepios on ra and human oseobRstlios cdls and
demmon stration that betymoepior FgonEts @n sEmulate bone mesorpRion in
angan oo Bone Miner, T3, 301-315 (18]

77. Takeda, 5 etal Leptin mgulates bone formation Wa the sympadhsic o
systern. el 111, 305-317 (DOEL

78 Togarl, A o al Expmssion of mAMAs fr newopeptide receptos and
Badranargic receptor in buman oosochlzts and buman oseogenic crooma
onlle. Mewmad, Ledt, 133, 5128 (19971

79. Wedoen, 5. J, landaor- Bassonga, £, Ralsion, 5. H & ks, AL [2-Admnorecegtor
Igands mgulae osteodast difemntation in vim by diecat and indinct
medhanisms. Arh Blochem Sophysos S5, S6-103 {09

B0 My Y. et d E Ly Iy = nompnapirne
frangporter ks raquised for dosietal homeocgis ). Bil. Them. 288, 30105-30113
sy

81. Heftriou, F. impac of e auionomic nerrous sysem on the skelaton. Ahysiol.
B 98, 1023-1112 (@012

22 Heftariou, F_ et dl Laptn mguibton of bone resomtion by the sympathes:
mervous systemn and CARL Natue 434, 514-50 (30051

23 Uang H et al Selkectve fZadmnomeptor sgraing regulates asteoclastor
geresis via maodulating RANEL producton and neuropeptides expresson in
osmocytic MUO-Y4 cells. ). Cell Blochem, 120, 72357247 (20150

84 Yan, () et d Betyadmnergic sgraing afiect oneocDoTogenes via oohenoy e
MLO-¥4 ol RAMIL production. Bichem, Binphysl e, Commaun, 288, 534-540
.

85 dhen, A et al. Afadion and compadion of migatory brast anoer olls by
bone mastx protans Frough TUMor-CEEDGNE InteRcions. Sl Mzp. B, 540
o).

S5 U, 5 et al. Octen oyte-driven downreguiaton of croll rectaine effecs of Ded2
Inibilies an mmammnary Sumor cells Concer Bes. T8, 3865-38T6 (D181

B7. Fan, Y. et al. Skedeal lading mgulates brest canoer assodated osedlysis in a
lnading intensity-depan demt fashion. Bone fes. 8, 9 (20001

22 Mwoni, P& Bendinedl, P Bone, 3 secondary growth ite of beactand prosate
annoms ok of aaeocytes Dancer 12, 1212 (BD0L

59, Mulcron g F. L etall. Skdetal mbbniztion by beast cancer cells s stimulated by
an cstenibiast and [2AR -depend ent neo-an ghogenic switdh. L Bone Ming, Bex
32, N4g-N45L OATL

0. CemnantDamange, L, Muloane, P L, Tahanesanl, T. 0, Sesding LA L Elaf-
ko, B f2ARs siimulbtion in asieob lxts promotes brast anoes ol adbesion
o e rmamow endothelal ool 0 an -1 and selecfn-dependen tmannes 1
Eone Oncod 13, 1=10 Z015)L

1. Mastin, T_ L & Jobneon, B W. Multinle actiore of pamshwroid hormone- sdated
pratan in bmast cancer bone metatase. Br. | Pharmacol. 1-13 (20190 hitpelf
dalarg oL 11 Vinkh 4709, Onllre ahead of print.

9 Thomas, B L et al. Brast cancer colls inferact with osiechlasts © support
osteodast formaton . Endocinology 140, 4451-4458 (1599,

93 Haryy, B ar 3 srabolc acton of paratiymid homone mguiased by the [i2-
adranesgic recepine. P, Mot! Acod. S0l 109, 7433-7438 01X

a4, Moriya, 5. etal. FTH mguates [Zadrensmic racepton aqeesson In omsobast-
Like MCET2E] cels A Gl Blochem, 116, 143-148 (30151

95. Band| EML& Feran, S L Samesen? magu s parathymid hosm one affecs on
2 P32 MAFK and WFEB Qine SEpRESSon MeTwork In osEobbms Hone 45
T16=TES (0051

96 Spuney, R F. Regubted epmsson of G prowincoupled mosptor Mroses
WERKs) and Pramestns inoseoblask Cabf Meme daf. 73, 153-160 (20031

7. Fukayama, 5., Kong, G, Benowic, L L & Meumr, £ & I, A H T fradmnergic
recepror Mrose-1 acutdy requizes PIHFTHS mopae sgnaling n human
asteohiactike ool Call. Sgnal, 9, 465-474 1997

98, Gesty-Palmer, DL et al Detingt famestne and G protein-dependent pathways
for pamtiproid homone moepor-stimulated ERKT/2 Actation. ) Bl Chem
81, 1055610852 (3006].

99 Cardhandl, C_ B et al Popmnolal and susial from beast anca: 3 pooled
mdmm:nummMCW&s 18 119 (00§,

100 Chida, ¥, Hamer, M, Wardle, L & Septos, A Do stessrelaed pagchosocial
fciors cnvbue to ancer Incidanoe and surdral? Mat On Pract. Onool. 5,
G- TS (PO

101, Laweanoe, DL 5, Sahay, LN, Cramajes 5 5 & Onosdeshank, ). ML Asthma and
bata-biockes_ B, ). Oih. Pharmarnd. 22, 901=509 (1583).

102 Paterson, LW & Dolery, C 7. Biet of propranclalin MILD hypesteraion. Lanoet
B8, 1143-1150 (13551

103 Fryzek, ). P.a al. A cohort study of antifypestensive medaton use and breast
cancer amang Danish women. Seact Cancer Rer. Tasar. 99, B1-I36 (HD6]

104 L, © Lot 3 Relation betwesn use of anthypestenaive medcations and g of
bmast caonoma among Women e §-T9 years Conoer 88, 1504-1513
0L

105 Barmon, T.L, Connally, BA, Zharp, L, Bernait, K &'Visvaratihan, K Beta biodors
and beast @noer moralit: 3 populason based shudy. ). O Omcol 29,
5353644 O11L

106 Melhem-Bestandt, A ot al Basblocker we k= ascochted with impeceed
refpse- fer surdval in pasends with Tiple negatve beast anoer. ). O, Oneol
B9, DRAS-PRET 0T

107. Momoya, A et al. Use of nonr selectve (Fbiodors & assodated with decmased
tumor prolierstive indices in eady stag e beast ancer Onendarget B, 6446-5460
F0NEL

108 Batier, E ot a. Thempeusc effectof B-blodes in Tiple negatve brast ancer
paosmanopausl women. Sreed Concer Res. Treat 1480, 567575 (0131

109, Spery, G etal Beta Hodoess and mprowed progeesthan Snee susvsal in patients
with advanced HERZ negatve bmac ancer 3 mromectve aralyss of the
ROZE/TRO-01Z shudy. Ann. Onood. 28, 1835-1841 (20171

110, Shakh, 5. M. et al. Doss [-admno ceptor blodoer thempy Improve anoer sundral?
Findings from 2 populatonbased merospectve cohort study. 8. L Oln Phar-
macol T2, 157=161 20111

111 Saransan, GV et Al Use of [i-blodoess, angiotesnn oo rertng encyme inhili-
o, angiotancn B moaptor blockers, and sk of breast cancer mosrmnca 3
Danish rafarwide prspactve cohort sudy { Dh, Oneol. 31, Z265-2272 (2013).

NZ Carchwel, C R, Colerman, K G, Muray, L. 1, Ervschiaden, Fo& Powe, DL G Bel-
biocher usge and brast canoer surdval a nesied @ee-contol study wihin a
U Chinical Pracece Reseanch Daalink cohart. At 1 EM &2 1ESR1E51
oL

113 Fnoy, L et . Propanckal aenuates sugicd stess-induced slevaton of the
reguiaory Tt ool mspomee In mtents undemgoing radial mastecomy.
immunal. 196, 34603469 (20161

114 shaashen, L et al Pesiopenave CONZ and f-adenargc bodode impeves
matasntc biomaskes in beast Qnoer ptents in 2 phase-d rand omized teal
e Concer Bes. 23, 4651-4561 20171

115, Haldar, R et al Pedoparasve inhibigon of fradrenergic and COKE signaling in a
clmical wid In e Canoer MRTENTS IMEFoWes TUmar I-67 SOFEinn . S8 m
cytoline lavels, and PEMC: sansripiome. Brah Behav. immun 73, 7-309
s

Bone Research (2021199



116 Hiler, 1 G efal. Pee-operdve fbiodoade with progran ololl sedu oes biom adors
of matastss in beast ances a Phase B andomized wral. Ohn Concer Bes. 26,
TE0E-1811 {F0E0L

117. Ledtenberg, K I, Meyes, 5. T, Dayle, L. B, Pewerson, T. C & Budcwalta, M. 5
Augmented [{Zadmnargic signaing dampens the neurcirflamm tory responss
following schemic stmbe and nomses stoke dze. J Meroh Sammation 16,

12 ).
118 M, X a al. Micrfiuidic platiorm for studying o ssocyte mechanomgqulagon of
Bmast cnoer bone metcs s Bhad 11, 119179 20190

119, Hag, & et al A Sponaness 30 bone-one2dhip for bone meastacs study of
st cancer cells. Small 14, 17027ET (2MEL

120, Bersni, 5 et al A mimofluidic 3 in wito moded for pedfidty of beast ancer
matasiass to bone. Slomairdak 35, 2454-3461 (20141

121, Jeon, L5 et adl Human 3D vasodanzed arganotypic miarofluldic assays o study
bmast cnoer coll edmanson Proc Mot Asad. 5o, LSA 112, 214-219 3015

122 Dubowy, P. @ al Lodl dvamial sympashecomy of @t bone mamw and s
effact on mamow ool composiion. Awionom. Mewraxl: basle Cin. 206, 15-37
T

1230 W H, Lug, ¥, X0 D, Ke X &0, T low moleouly weight hepann modified
bone targetng lipasomes for anthotopic anecmcomaand breast ancer bone
matasntc tumors. Ank ) Bl Mosoenolerokes 1648, FEEI-FEST (30000

124, Aang, B et al Dualtargetng delsery sysem for bone @noer: symthess and
prliminay bolsgica swmbuaton Drug Delv. 19, 317-336 20121

125 Fhang G etal. A delivery system tageting bore fematon surbioes to Baltae
FMA-Dsed anabolic thempy Mat Med, 18, 307-314 (013,

125 Salermo, M. 2t al. Bore-Brgeted donrbicindmded rancparsdes & a ool for
the teatnant of sheletl metastases Cow Canow Drag Tages 10, 68559
oL

127. Wang, €. et al Teiclum-lke plativum rancpartide-mediaied photothesmal
thempy Inhibits fumor gesash and astan g In 3 bore mebishos model Smal
11, Z0E0-2086 (3015,

125 Wang X a a. Peptide decoration of nanowehides to adhiewe acive Qmeting
and pathologyesponsve cdlular uptke for bone matasoss dhem o rapy
Bomater, 50, 2 961=971 014

Bonae Research { 20211949

NG and braait cancer o ettt
F Conceicho et al

173 Kedt F- M et al Tamgeting of primary breast cancers and matasaases in a
wran sgenic mouse model using mtiondly designed mutfuncional FDM: AD
Mano 6, Z91=-3601 (DI

130 Castillo, L. F, Rivem, E M, Goffin, V. & Lithy, L A AlphaZ-adrenoceptor
agone® tigger prlacen sigraling In breast cancer cells Call Signal 34,
Th=E5 (3017

131 Caldr, ¥, Pummes, H K, Tihoi P. K & Schuler, H M. Bemradrenesgic and
amdhida nic add-mediated g mguiston of human beast canoer oell lines.
nt A Omeol. 21, 153<157 (20031

132 Vizguer, S ML a 3l Human braast cell lines exdilbet fu natio nal a2-ad mnocepeos.
Cancer Chemaother, Phamacol B8, 50-51 (20051

132 Swdl, O et al. Morepinephwine promoies the §1-inegrin-medaed adhesion of
MDAME- 731 ells i vasoular endothelum by e induction of 2 GROa miease.
Mol Concer Bes. 10, 197-207 (D121

134 Ganz P A, Hanel L A, Weltten E K, Can B 1 & Cole 5 W. Bamining the
influence of beta Dlockers and ACE inhibinoes on S fsk for Dreast cancer
mcuren: mesulls Som the LACE cohort. Seas Concer Bes. Teeat 129, 545555
@

r'él‘i'- Wﬂlﬂ:ﬂﬂ‘ﬂl‘chhlﬂﬂiﬂ under 3 Crestive Commons

=1 3 Kwibmion 40 aratonal Lioense, whidn pesmits use, sharing,
adapaton, disrbuton andreproductan In any medum or fomat, 25 long 3 pougive
approprate aedit to the arigina authonis)and the cource, provid ¢a link o the Ceatve
Com mans lkoense, and indicate Fohanges were made. Theimages or other third pary
maderial in s artde are induded in the arsde’s Creative Commons loanse, unless
indicied othessise in 3 oedit line to S moestal Fmateid & not included inthe
arecie’s Cmative Commans loerse and your inend eduse £not pamited by stauory
megulaton o eacaeds $ie pemited uss, you will nesd o obtain pemission dimcly
fmm the copyrigiht holdar. Tao wesw 3 copy o fithis lioenos, dot bt cestivecommans.
o) Alceriee sy 08

o The Aushons) 2021

SPRINGER MATURE

11

185



Sympathetic activity in breast cancer and metastasis: partners in crime

Rights and permissions

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium
or format, as long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons license, and indicate if changes were made. The
images or other third party material in this article are included in the article’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit

http://creativecommons.org/licenses/by/4.0/.

186



Annex B

187



Materisk Today Bio 13 (2023 100219

Contents 1tz avallable at Selence Direct

g -L E .--.-
g % ' Materials Today Bio

ELSEVIER Journal homepage www.journala.elsevier.com/materals-today-bio

SE

A metastasis-on-a-chip approach to explore the sympathetic modulation of
breast cancer bone metastasis

Francisco Conceicao™ b= Daniela M. Sousa ™", Joshua Loessbherg-Zahl f Anke R. Vollertsen®,
Estrela Neto »", Kent Sge®™ ', Joana Paredes ***, Anne Leferink®, Meriem Lamghari * b

* peminan de Ivestgagie ¢ Mo Em Saade (I35), Uniresidate Do Pos, 420015, Farw, Pormsgal

" INEB— bt Macional de Engendaria Biomedica, Dniwesidade Do Portg, 430135 Paruw, Pormgal

* [CRAS—Iuisinn de (ks Biomadivg Ael Solesty, Wi sidnde Do Poso, 4050313, Poris Porsugal

“ A TIMUP— bzt de Passlogia & da U Dy Povtey 4200- 135, Parts, Pormgal

* FMLP—F de da I D Favan, 4200-319, Parts, Parnsgal

¥ BIDS Latv v gy Groegs, MESA + et bue for Mawechnodogy, Mo Planck - Dndversity of Twerte Cenver o (omrlex Flaid Dynamics, Thiversity of Twense, P.O. Bax
217, 7HO0, AF Erichede, e Mesherbands

# mppitied Soem Cell Techmalongier, TeckMad Gemare, Dndveraisy of Twente, PO Bax 217, 7500 AE, Erochade, the Me sherbands

® inicad el Rivkogy, Vil Hespisal T ilisheraly Hespisal, Depronens of Regive] Haslth Resaak, [MEweriity of Sousham Danard, 7100, Ville Deaman:

ARTICLE INFO ABSTRACT

ywenie ) Organ-on-a-chip modek have emerged 2= 2 powerful tool to mode] mnoesr metestasiz and to decipher specific

Menates o bl crosstalk between cancer cells and rdevant regulainrs of this partioler miche. Racendy, the sympathetic nervous

:::L:‘:m sysbem {SMS) was proposed 25 an important modulaior of brezst cancer bone metastasis. However, epidemio-

P —— liogical studies oincerming the benefits of the SNS targeting drugs an brezst cancer sumvival and recummenee nemain

— oomroversial | Thus, the ol of SNS signaling over bone metastatic cancer ol il ar processss shill nequines further
clarification. Herein, we present 2 navel humanized organ-on-achip mode] recapimlating newo-bresst cancer
cromstzlk in 2 bmne metastatic oonbext. 'We developed and validated 2n imovative three-dimensional printing
based mult-ompartment microfluidic platform, 2llowing haoth selective and dynamic multicellular paracrine
signaling betwesn sympath=tic neunons, bone tropic bresst cancer cells and asteoclests. The s slsctive moitbcelular
crosstalk in cmmbination with biochemiz], micnmscopic and proteaomic profiling show that symergistic paracrine
signaling from sympathetic neurons and osteocless noee rest @neer zpgressivenes demonstraied by
augmented levels aof pro-mflammatory orinkines (=g interlalkinG and macrophege inflammatory protein 1la).
Overall, this work mtroduced 2 novel and versatile platform that ould potntially be el o mravel new
mechanisms imvalved in intracellular commamication at the bone metasatic mche.

1. Introduction destruction. This leads 1o severe sheletal complications, swch 2 bone

pain, hypercaleemia and bomne facteres [1]. The elscidation of the

Breastcancer bone metastass i an complex process that encompasses
ool exravastion mom the cireulatony system into the bone, engraftment
om a sultable miche, escape from dormancy, proliferation and uncoupling
of the bone remodeling to fsel tmor growth [1]. Bome & the most
common $ite of metatss in breast cancer. Within the bone, breast
cancer cells over-activate bomne madbing oteoclasts and shift the phys-
idogical balance in bone remodeling towands increaied  bone

ool lular and molecular mechanians by which breast cancer cells engralt
and proliferate in the bone niche iz, themfore, of crucial impofance to
improwe the available therapeutic options. However, several bamiers s1ill
Teamper the stisdy of the me tastatic bone niche. I vive models, which are
able to recapitulate the complexdty of the human disease, arelimived and
of difficult execution, whereas the dissection of specific signaling path-
ways involved in bone metastagds progresion & extremely complex.

Abbwvigtions FDMS, paly-dimethy lsikoone; SNS, Sympathetic Nervous System; NE, norepinephrine; TH, tfyrosine hydroxylase; MCP 1, monooye chemoattractant
prot=in 1; [L-& imerleulin & MIP 1o, macrophage nflammatory protein Log 1L, mier] sukin.
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Furthermore, high mortality raves and pain associsted with the in vivo
madelling of this specific disease inherently maie ethical constraims that
limit the we of animal models On the oher hand, clasieal in vitm
maddels are simplistic and do not replicate the native featmes of the bone
o eV irodment.

Microfluidic took kave emerged in the past decade a3 an alternative
o conventional in vitro and in vive models, since these combine diree
dimendonal (30) matrices with human cells while allowing a fine contml
over spatial and temporal paramevers of culture [2]. In additon, Meidie
conmection of different cell companments as well as the control of Jow
and shear facilitates more physiologically relevam modelling [3]).
Microfluidie platforms kave in the past been alread y wied as models for
I cancer processes including i) selective ropism of myeloma and
breast cancer cells towards bome cells [24]; i) extravasation of beeast
cancer cells from circulation inte extracellular matrix (ECH) stre s
based on collagen o fbrin [5-£]; iii) colorectal myeloma and breeast
cancercell engraliment and proliferation in mineraliwed matrices [9-12];
iv) cancer dreg sereening and toxicity ssesment [3,13]. This, micn-
Muidie technology can tackle constmins asoriated o gandard in vitm
tonk in the study of the cosstalk occurring during breast cancer bone
metataii, and this improve o knowledge on the dmaling pathways
gowerning the metastatic proces.

Despite the numemus advantages of metsiasison-achip in vitm
ook, the typical photolithography processes wsed in their fabrcaton
medquire expengive infradrectme and highly skilled pemonnel. 30 print-
ing is beooming a viable alternative for microlluidic fabrication since it
combinet accesibility of gandard bencltop 30 primters and a high de-
e of design freed om which i3 not tivial to achieve via photolithog-
raphy [14]. Furthermaore, advances in printer technology have improved
surface roughness of 30 printed template molds, o the point that the
el ting prodotypes eoome compatibe with plasns sealing prooed s
[15]. 3D printing is also suited for valve fabrication, which allows the
contml of ow mssgance and diffssion thmough the different Muidic
ocompartments [16].

The sympathetic mervos system (SMS) was brought 1o Ight a3 a po-
tential therapeutic target for the treatment of breast cancer dise toseveral
findings in preclinieal and epidemiclogic sudies [17-19], which
correlated sympathetic hyperactivity and poor patient rognosiz How-
ever, the benslicial efect of NS targeting drugs on the reatment of
breastcancer remaing controversial, since other reponts faled 1o replicate
such comelations [20,21]. It iz well established that the SNS acts on
multiple cellular targets throughout the body, mainly vis the release of
e e plarime (NE) by sympathetic nerve endings and throwegh systemic
mleate of epinephrine into circulation. Fumctional audies demonstmed
thet the gympathetie stimul s is able o nerease breast cancer clmeulating
tumor cell reention and extravasation to the bone [22]. Nonetheless,
disection of sympathetic dgnaling in the context of hman breast cancer
I metastasis was not vel reported and the mechanisms goveming
breast cancer cell responge o sympathetic input within the bone
mieroenvironment ane 1l poody undestond.

Az gated above, microlluidic tools offer multiple advantages
meganding standard in vitm modek such @ compartmental ization and
fine nening of culiure parameters. We have previouws y established models
of merronal, noa-me wroda | cellular commumication in eom partmental ped
microlluidie deviess 1o address sensory innervation in the bone micm-
envimament [ 23,24). However, to date there are no microlludic models
deseribed for the stisdy of sympathetic gimuli on the brss cancer bone
metatatie niche.

In this study, we have designed and prototyped a new 3D printing
based metastasg-ona-chip platform o epmdoce the eflect of sympa-
thetie activation on the dynamic cmastalk that ocews between breast
cancer oells and bone cells in a fully humanized model. Our platiorm
combines thres different himan eell types: 1) a bone tropic breast cancer
cell vardant, ) sympathetie sewrons and 3) human peripheral blood
derived osteoclasts seaded on top of a bone matdx The micmdheidie
platiorm was specially designed 1o physically separate the cells ino
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different commmments o facilitate the identification of secreted (actoms
imvplved in intere el hular communication while preventing direct cell-cell
interactiond. Pumthermore, inclusion of Muidie Now between differem
compartments allow a unidisectional communication from e
ofmpariment b tee rema ining onet. Our me Gt E-on-a-¢ hip platform i
begied on statie diffsion in order o faelitate bidirectional commumies
tion between each comparment. Additonally, owr platform also allows
thee man plation of eommumnica ton between the different oompartmenis
through the uwe of neorporated presune actsating valves We were able
1o succes{ully optimize the culture of each cell type and demonstmied
that the dynamic intermction between neurons, breast cancer cells and
oateclasty transdates imo an increased pro-inflammatory phenotype. In
addition, manipulation of the communication between compartmenis
allowed i 1o show that direct neumaal stimlation of osteoclass is not
mequired to olgerve inflammatory cytokine upregulation. Based on these
reslis, we believe that owr vemsatile pladorm can be a miential tool for
lmdamental research on multiple research topice The we of widely
acomdble 30 printing technology ferther highlights the adaptability of
oer me st s ona-chip platiorm.

2 Materdals and mebhods
2.1. Fobrication and msembly of the memstm is-on-a-chip plagorm

Each microlluidie component was made ot of poly-dime thylsilosane
(PDMS, Syigard 184, Dow Corning) using specially designed 3D primed
molds. Malds were designed ming SoidWorks (Dassault Sysemes) and
3D printed in a Form 3 printer {Formlabs) with a Grey V4 resin (For-
mlabs). These molds were post-procesed by two rounds of immersion in
ispropancl fr 15 min (o emove uncimed redn, followed by air-drying
and a heat treatment of 3h at 60 “C. FDMS was then cast into the mold
witha 10:1 {wy/w) ratio of base and curing agent and thermally cured for
1 h 30 minat &0 °C. Each PDMS dab was separated from the mold and
cleaned with residve-free tape unti] plasma trestment.

The microlluidie platdform was designed for single wse and &
oompoged of three different stroctural paris bonded together: a wop slab
otnratad rud g e Mo el el | eoam par tre s and di (fsdon channels, a bottom
dab contalning valve structures and a dmple membrane in between. Top
aabs have three equidistant compartments & mm in diameter for cell
culturing (each with two mediem inleis) which ame intemonmected
through 4.5 mm long semi-cireular chanmels 300 pm wide and 150 pm
high. The bone and cancer compartment are 1.2 mm deep 1o accom-
modate the bone slice (400 pm thick) and the sphemid, while the
Newronal compartment & 600 im deep.

POMS membranes were produced by spin coating 1.6 mL PDMS ata
11 (wew) sate of bate and curing agemt on top of a per
TMuorodecylirich lomdilane coated sillicon waler (10 em diameter) with an
initlal spinning gep at 500 mpm for 15 5 and 100 rpms acoeleration,
Tollowed by a second step at 1300 rpm for 75 5 and 1000 mpm /s accel-
eration. The membranes: wene then thermally cured for 1 h 30 min at 60
a2

Metmisi-on-achip platom ssembly was achieved by covalent
Iernedin g ooff thee dlifferent compomnents. The mem brane and coll comparn-
ment dab were frat covalemly bound together through oxygen plasma
treatment for Imin on a Zepto Plasma Cleaner (Diener Electronic). The
membrane was then cut along the contowr of the POMS slab wsing a
sealpel and lifted from the silicon waler. Medium inlets and presaure
inlers were then punched ot of the bmded memlrane and the cell
compartment slab using a 1 mm biopsy puncher (Kai Medical). The
meailting strschires wen then bonded 1o the valve striscture slab by ox-
ygen plasma treatment & deseribed previowsly. Right after treatmentand
before bonding, bovine bone sloes (boneslices com, Denmark) were
plced in the bone cell compartment. Both slabs were then bonded
together. Each micmdluid e unit was sterilized with 70% ethanol, washed
thrice with phasphate bullered saline ( PES) and equilibrated in complete
medium Newroal compartments were incubated ina solution of 5 pugs
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mil laminin (Sigma-Aldrich) in DMEM/FL 2 mediem (Gibeo) with 109
FBS and 1% penicilin/streptomycin { Pen/Strep, Giboo) {DMEM/F12
complete medium) for 2 h a8t 37 °C Compartmen s were washed twice
with DMEM,/F12 complete meadivm and keptat 37 °C untll cel] seeding.

22 Oueodast isolarion

Husrman (D147 monocytes wer (solated from bully coats of healthy
female blood donoms @ previowdy desedbed [25). Briefly, Peripheral
Blood Mononuclear Cells (FEMOE) wem sparated wsing gradient
centrifugation in FoollPaqee Plus (GE Healtheame ). PEMCs were then
maEpended I 05% Biotinfree Bovine Serum Albumin (BSA,
Sigma-Aldrich) and 2 mM EDTA in PBS, incubated in BD IMagT™
anti-human (114 magnetic pricles { BD-Biosciences) and mamertically
separated according to manufactsrers instructions. CD147 cells wers
seeded in T75 Nasks in aMEM (Gibeo) supplemented with 10% FES, 1%
Pen/Strep and 25 ng/mL of recombinant heman maemphage colony
stimulating factor (thM-C5F, RED Systems) &t 5% OO0y a1 37 °C in a
humidified incubator for 2 days. Cells were then differentiated into
mature ostecckias by supplementing the medium with 25 ng/mL M-C5F
and receplor sctivator of NFxB ligand ( RANKL, RED Systems) for further
7 days of culture, changing medium twice

23 Bremt cancer cell spharaids

MDA-ME-231-BoM 1833 human bresst carcinoma cell line (MDA-
1833 hencalorth), & bone tropic vadant of the MDA-ME-231 ceoll line, was
olstained from Dr. J. Masaged | Memorial §loan-Ketering Cancer Center,
New Yokl MDA-1EE3 celk werm exmnded in DMEM High Glucose
(Gibeo) with 10% FBS and 1% Peny/Strep (DMEM complete medizm) at
37 SCand 5% 00y in a humidifed incubator, changing mediem twice a
wesk until resch ing 80% confluence. Cells were then trypainized (0.25%
WY irypan, 0.1% wv glucose and 0005% EDTA in PBS, Life Technolo-
gieg), seeded ata density of 10 000 cells per well on mamd bodtom ulrs
low adhestion Se-well plates | Coming ) and incubated for 4 days in DMEM
complete medium with 25% Matrigel Bssement Membrane Matris
(Coming) to indwsce fommation of cell sphemids

24, Navormal-like cell differentiodon

SHEYSY (ATCD) cells were umed as a mode] of human sympathetic
neurons since teese cells wene previowsly reported 1o be alle o produce
NE [ 26]. 5H-5¢5Y cells were expanded in DMEM,/TF12 Complete medium
at 37 *Cand 3% (02 in a humidified incubavor, changing medium twice a
week until reaching 80% conlluence. Cells were then rypsinized and 20
0 oells were seeded in the laminin coaed newmmal compartments and
incubated at 37 °C overnight. Differentiation was indsced by Opt-MEM
miedivm (G iboo) supplemented with (5% FBS, 1% Pen/Strep and 0.1 gM
Retinnic Acid over the course of one week, changing medium every day.

25 Mensois-on-a-chip cell seeding

Micrfluidic experiments were st up during the course of 10 days In
omder o igolkate compartmenis be fore cell seeding and ensre full physical
separation of the different cell types, comparments were sealed off by
elosing the valves with a pressure of &00 mbar wsing 8 FlowEZ 2 0040 m bar
pressure contmoller module (Fluigent). SHEYSY cells were seeded on the
neuronal compafment as previowsly deteribed and differentisted ke 7
dayaswith the valves open. At day 7, medium from the bone compariment
was changed lor a-MEM supplemented with 0.5% FBS, 1% Pen/Sirepand
25 ng/ml thM-(5F (Osteoclast Mediom) and the mediem fom the
canter compartment was changed ke DMEM High Glucoss supple-
mented with 0.5% FES and 1% Pen/Step. Dilferentisted ostecclasts
were then detached with Accutase (Giboo) for 10 min at 37 °C, centri-
Tuged and seeded on the bome slice at a density of 75 000 cells in Oste-
ol Medium, being left 1o adbere for 4 b MDA-1833 individial cell
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sphemdds were transferred 1o the cancer com partment, one sphemmid per
microlluidic device, and the platrm was incubatedat 37 °C for 3 days o
allimw bome resorption to ooer. Wen rguined, valves wene dosed with a
poreere of GO0 mbar thr the experiment. The e compartment
wa supplemented with fresh 50 ng/mL thM-CSF and th-RANKEL daily.
Aflter 3 days, experiments were ended and conditioned medium was
collected fmm each companment while keeping the valves closed. In
addition, one repicate from each condition was wed o imm unocyio-
chemigtry: medivm was removed and the compartments were washed
with PES twice before immmaocytochem isiry.

26, Insmmogrchenisey

Cells in the micmfluidie pladom weme fixed in 4% pamformalde hyd e
for 10 min at BT pllowed by 3 steps of washing with PES and Wockage of
unspecific saining in a blocking solution of 5% FBS, 5% Horse Serum
(Invitrgen) and 0,25% Triton X-100 (Sigma-Alddeh) in PES for 1 hat 37
2 Samples were then inculbaved with primary antibodies ovemight at 4
C (mice ami-f01 Tubulin 1:2000 [Promega); mbbit antiTH 1:100
[Memck]; mowse md-CATE 1:100 [Santa Cre Blotechnology]; rabbit
anti-CD490 [Sigma-Aldrich]). Afer incubation, samples were washed
thrice with FES and labelled with secondary antibodies accomdingly
(Invitoegen, 1: 1000 dilstion) wogether Flash Phaloidin™ (Biolegend) for
actin staining, for 1 hoat RT. Finally, celk wern washed thrce with PES
and counterstained with DAPT{1:1000 diletion), washed again to remove
exoess DAPTand kept at 4 °C untll imaging. Images were acquired in a
Leiea SPS confocal micmaoope at a resohstion of 1024 = 1024 pheelsand
z-gtep of 5 pm. Brightness was adjusted for better visualization and -
projections as well as anificial cell coloring weme performed wsing
Imageal.

2.7 Flow cytoresry

MDA-1833 cell sphemdds were mmoved fmm the metasgasis-on-a
chip platform and disocisted with Accustage st 37 °C for 20 min in a
microtube, pipetting up and down every 5 min. At least 10 spheroids
were poled lor each condition in omne independent experiment. A com-
merial kit for Annexin V-APC staining (BD Plarmigen) was wed ac-
cording to mamsfaeterer’'s nttrections, but only wing 1 pL of Annexin V
and 3 pL Propidium lodide. Immunostalining was pedomed in 1X
Binding Buffer and quantified using a FACS CANTO I (BD bmm e ¥
tometry Systems) and FlowJo™ software (BD)L

28 Enzyme-linked inemmosorbens assays (ELEA)

Comditioned medivem was collected from each companment by elos-
ing the respective valves and spirating the mediuvm Conditioned me-
divm was centrifuged at 4 *Cat 400 g for 5 min to remove celular d ebris,
transferred toa new micmdbe and fmoeen ar — 80 °C il quantifeation.
NE was quantified by ELISA (Abnova) from conditioned medium
collected and pocled from SH-5YSY monoculture cmrok fom thoee
independent experiments. Queantification was performed acoording 1o
manulfscturer’s indications, but 300 pL ol conditioned medium was wed
ineach replicate and a 1 ng/mL standard was added so that owr samples
would it in the calibration curve. Prolein levels of each sample were
quantified wsing the DC Prokin Asay (Bio-Rad) acconding to the man-
wlacturer's instructions and were wed o nomalize differences between
il Lo

The level of interlewukin 11 {IL-11) was quantified by ELISA (RED
Systems) from breast cancer and bone compatments of the metastagis-
on-achip pladorm acconding © mamdaciurers indications. Medium
wat diluted 10 before quantification to Gt the calibmation curve and
mmpet were nomalized wsing the total protein level s mentioned
absrve.

The levels of interleukin & (IL-6) and macrophage inflammatory
protein 1 (MIP-1a) were similady quantified by ELEA (Sigma-Aldrich )
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from the bresst cancer companments of the micmlhddies (unles
otherwie aated) sccording to manufscturer’s instructions. Mediem was
diluted 90 before quantification to Gt the calibration curve and samples
were normal ied wsing the ool protein levels.

29 uonifimrin of bone resorprion

Osteaclas resorplion events were dained with tolwidine blse (Sigma-
Aldrich). The entire bone surface wasanalysed wsing a G30 100 graticule
(Pyger Optics) indtalled on the ocular of an BH-2 optical micmsoope
Dlympus) & previowsly deseribed [27] The total member of evens
present throwg ot the bone arface were cotunted using the gratienle a
a frame (=ing 4 total of 16-17 graticules per bove dice). Individoal
msnrplion events were divided in two resomption types, pits and trenches
Pitz are single, circular excavations with well-defined edges while
trenches are elongated and continsoes grooves with a lengh width ratio
eqjizal or grester than two [2E]. The percentage of trenches per total
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wsed 1o mises statistical dgnificance between conditions. When two
conditions were being compared, nonparametrie Mann-Whitney tests
were ied. Dilferences between groups were consldered significamt when
g UG, *4p o LDL, ***p o< 0000 1. Data analysis was performed wing
GraphPad Prism software v.9.1.0 for Windows (GraphPad Soltwane).

3. Resulis
3.1. Bone metmnss-on-a-chip design

The aim of this study was 1o establish a model that would allow s o
clarify how breast cancer cells respond to sympathetic simili in a bone
metmtatic context, specifically fosing on the contribution of cell-
secreted factord In onder to achieve this, the versatillity of micmdhsidic
platforms was appealing, dnce thete would allow study of complex in-
teractions between cancer celk and other dgnificant cell components in
the metastatic process, in a fully himanized system. Instead of wing

events wai wed o compare individual eped independently of
ergded surface variations. Samples were blinded before eroded surface
quantification by one researcher.

210, Prowosmic aalysis

Conditoned medium Fom fowr MDA 1833 phemids culiured either
om the metasias B-on-achip platform or in 96 well-plates was pooled and
centrifsged at 300 g for 5 min o peller cellular debriz Conditioned
mediawas then transfemed 1o micro tubses and protein concen ration was
measured as deserbed above. 50 pg of protein from each condition was
procesmed wming the solid-phate-enhanced-sample-preparation (SP3)
protocol, a8 previeusly deseribed [29], followed by enzymatic digestion
overnight with trypsin/LysC (2 ug) &t 37 °C and 1000 mpm.

Protein identification was camied ot by nano Liguid Chromatog-
raphy coupled with Mais Spectrometry (LEMS,/ME) and data was ans-
lysed with Proteome Discoverer software (Thermo Scientific)
deseribed by Osdrio ef al. [30]. The mtio beween the protein abum-
dances inthe conditioned medium from microlluldie and well plates was
wsed o compare betwesn both conditions.

2.11. Prowin aray

After tri-culture in the microlluidic plaform, cancer compartment
conditioned medivm from three independent experiments was pooled
and sereened for proteins invol ved in bome metabolism wsing the G-Seres
Human Bone Metabolism Amay 1000 (RayBiotech ) according 1o man-
lacturer’s instructions. Briefly, the armys were blocked for 30 min and
incubated with 100 pL of sample ovemight at 4 °C, fdlowed by incu-
bation with biotinylated antibody cockial fr 4 boat room penpe e
The slides were then incubated with Cy3 conjugated streptavidin forl h
in the dark at mom emperatere. Aller washing seps, droplets were
memoved using a compressed argon stream. Slides were sent o the sup-
plier 1o be imaged (Tebu-Bio). Amay data was amalysed wsing the Spot-
@l softwane (Version 222 SICASYS Software GmbH) and the GAL file
supplied by the mamsfacturer. After alignment with the GAL file, data
was exracted wging the orginal image without changes in intensity
vialises. Choantification of the intend ty valises was perfomed by Flex-Spot
Detection method and with nodse Gltering and local backgmound comee-
ton method. Extracted intensity values were then analysed using the
Excel analysié tool supplied by the manufactmrer. Alter intrs-assay
normalization, intensdty values were nomalized e proein content,
vilisess for the culture medium alone were subtmeted 1o each smple and
Told-changes relative to controls were caleulated.

212 Sexbistics

All experiments weme performed ar least thee times. One-way
ANOVA test followed by Holm-&Sidik's multiple comparison test was

dard photolithography for the production of microlluidie deviess, we
1ok advantage of 30 printing to be able o quickly prototype o molkds
in a cost-effectve fashion, while maintaining an adequate msohmtion
{smallest feature of the mald {5150 pm while the mininmem bserspol skee
of the 3D printer is B5 pm).

Ouwr micmdluidic chip was designed to compartmentalie thee
different cell types with no direet cell-cell contact bt still allow diffusion
dependent chemical communication between compartments (Fig. laand
bl Importantly, we are able o dictate the direction of communication
betwesn compartmens by using Cuake valves incorpomated in the
metmitasisona-chip design. This micolluidic chip is composed of three
different struciural pans bonded together: a wp shb comaining
pattemed cell companments and diffision chanmels, a bottom dab con-
taining valve droctiomes and a simple membrane n between (Fig 1e).

The ability to cloge the diffusion channels & an importam featers both
o oell seeding and 1o explore indirect routes of communication between
different compartments With that in mind, valve strictires S00 pm wide
and 1 mm long were inelhsded in the cenier of the diffusion chanmels to
Dok the e omminsniea tion between com paiments when desived (Fig. 1d)
Three Queake valves were incliuded on our micmuidic gatbrm, omne on
each diffison channel. Pressure applied on each valve chanme] will push
the Nexible 40 pm thick POMS membrane located betwesn the main
POMS slabe, closing the diffision channels (Fig. le and ). To test the
valves, the diffusdon channels were filled with Tolddine Blise dye and a
presine of &0 mbar was applied to the valve channel. Micmgmphs of
the valve section show that there was no dye in the diffsion chanmnel
when the valves were in a cloved state (Fig. 10, dght) while dye was
olbserved in the diffusdon channel when the valves where in an open state
(Fig 11, left). Similardy, 5 kDa Muorescent-labelled Dexran was not able
1o diffuse through a cloved valve, furher validating their functionality
{Fig. 51). Funthemore, no dilfision was observed from one companment
1o the other when all the valves wem closed after theee days of incuba-
tiom, which was a relevant timeframe o our cell culieme seup (Fg. 510
The clogiere of the valves was revers ible (Supplementary movie 1) and the
valves maintained their fumction over 20 cycles of opening and cloure
without rupturing (data not shown)

A alresady mentionsd, current in vitm models il o eplicae the
three-dimendonal features of in vive bone, which has profound biolog-
jeal and biomechanical implications in stesclast biodogy. To cimewmvent
that limitation, mineralied bomne ECM preserving the strsctural and
Tl o iea] e st o in vive bone were included in owr model. Furthemons,
10 hamper the migration of ostecclasts and bresst cancer cells from each
respective compantment, a spatial offset between the boe and cancer
eompartment Moor and the diffsion channels was incompormted in the
design (Fg. 1d, fght panel). This was not the cate for the newmmsl
eompartment o alow neuronal cells v elongate their axonal extensions
into the diffuson channels and maximize the disvemination of newmnsl
factors 1o the other compartments.
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METASTASIS-ON-A-CHIP PLATFORM

(c) Exploded view

(a) Schematic view
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(e) Valve schematic

C)
N

(f) Valve function

Fig. 1. Concept and design of 2 nove micrafluidic pla tform with three |

(right) view of te microfiuidic platfarm. (=) Sch
indes the diffsion channel, Hocking the

' viewdl‘

d culture chambx
(b) photograph of an 2ssembled microfluidic mlored with Hod dyes. () Exploded view of the three

(2)Sch T ofthe miaafiuidic platform and

of the micrafuidic platiorm. (d) Tap (1ek) and sde

valve. Mmpmmk.q)ﬁiedintheva)vedmnd the fiexible PDMS membrane
(f) Valve z

ofan apen valve (left) ar closed valve (right) after

= pray

2pplying a 600 mbar pressure an the valve d'_md.'l'hemanhdncmpmﬁ were ﬁllodmdmdmtim blue dye and 2 250 pm stack was obtained ona confocal

micrascope. An XZ arthoganal view & akso shown below each
3.2, Cancer campartment: 3D culture and proteamic analysis

To form bone metastasis, disseminated breast cancer cells acquire 4

T mage

g © the dashed line). Scale bar 200 pm.

Spheroids were introduced in the cancer compartment and cultured
for 3 days inside the platform (Fig. 2a). First, cell marphology was
d by F-actin staining of MDA-1833 sphercids inside the micro-

specific set of chamacteristics that are distinet from the primary tumaor
[31). Accardingly, bone tropic breast cancer cell (MDA-1833) spheroids
were used @ a model of bresst cancer cells that are more prone to
establish metstsis in the bone, which have been previously character
ized [31] and are shown to be bidogically relevant for the study of bone
metstass. In addition, breast cancer spherids are commonly wed 10
replicate the 3D fatures of in vivo tumors [32).
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fuidic compartment (Fig. 2b). In addition, integrin o6 (CD49() was
previowsly reported to be ed in triple negative breast cancer celk
[33) and, concordantly, positive staining for CD49( in the surface of
MDA-1833 cells was observed (Fig. 2¢). Therefore, surface marker
expression was maintained inside our platform.

After momphological characterzation of the bone tropic celks, the
apoptotic profile of spherokds cultured inside the microfluidic was
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Fig. 2. Brenst Cancer compartment optimization. (2) Schematic representation of the breast cancer compartment (b) Micograph of 2 MDA 1833 cell spheroid
cultured for 3 days on the microfluidic platform. Bloe - DAPL. Red - Foactin. Scale bor - 200 pm. (c) Expression of CDA9f on MDA 1833 cells. DA (blue), FActin (red)
and CD49f (green). Scale bar - 200 um. Inset single channel images are shown an the right DAPI (blue, tap), F-Actin (red, mid) and CD49f (green, bottam). Inset scale
har - 50 pm. (d) Annexin V quantification by fiow cytametry of breast cancer spheraids cultured inside he microfluidic platform (left)or in standard wel plates (right).
Ten spheraids were poaled together for the amalysis. (e) 111 quantification in conditioned media from MDA.1833 spheraids cultured in the micrafiuidic platform or
in well plates. Dats &5 expressed as median of individual data points fom 3 independent experiments and was narmalized to the &l proten content (Mann Whitey

test p

0.1000). (f) Proteamic screening of the conditioned media fram MDA 1833 spheraids cultured in the microfluidic or in standard well plates. Data is rep

resented a5 the logaritum of base 10 of the ratio between the abundance of each secreted protein within the microfiuidic and wdl plate.

compared 1o spherokds grown in standard 96well plates No differences
regarding spheroid size were observed (Fig S2) and Annexin V staining
showed that cell apoptosks was similar between conditions (Fig. 2d). We
then investigated whether the environment in the microfluidic platform
evoked changes in the conditioned medium of MDA-1833 celk. Breast
cancer cells express a plethora of prodinflammatory factors, of which
interdeukin (IL) 11 was previously implicated in breast cancer progres
sion and bone metastasis [34). IL-11 was therefore quantified and we
observed a clear trend towards increased IL-11 levels inside the

microfluidic compartment when compared to MDA-1833 cultured in
standard 96-well plates (Fig 2e). Thus, we further hypothesized that our
microfluidic platform could recapitulate a more aggressive breast cancer
phenotype. To confirm this, the conditioned medium from MDA-1833
spheroids cultured Inside the microfluidic platform and in nommal
96-well plates was collected and screened for the presence of proteins
relevant for our model. The Jevel of several matrix-associated proteins
was increased in the conditioned medium from MDA-1833 spheroids
cultured in our metsstasison-a-chip platform, namely connective tssue
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gmwth Boor (CTGF) and matrix metallogoteinage 1 (MMP1), which
were already deseribed 1o promote brest cancer progression in the bomne
) [31,35 37]. Additiomally, multiple proleins previowsly
meported 1o be invoved in boe metabolim were shown to be mome
abundant when MDA-1833 spheroids were cultured insdde the micn-
Muidic platform when compared 1o 96-well plates, such as latent tans
foming growth factor-§ (TGF-H) binding protein 1 (LTBP1) and
Dickkopd-1 {DEK1) {Fig. 2.

3.5 Sympathetis naronal comparsnent all differatinton and
catecholarmine rdeme

Soierces for human sym pathe tie newmns for in vt cul tuee ane seame.
Sympathetic neurons were previowsdy obtained from human Pled poent
Stem Cells (hPSCE), however ]maumah for differentiation are inellickent
and of difficult execution [35]. Nonetheles, nevroblastoma csll lines
leavie been mported 1o prodoce NE [ 39], which & the main sympathetic
neurotranmitter. In onder i model the sympathetic nervos system
contribution 10 bone meltmtsi, SHSYSY nmewrondike calk wens
incheded in the microfluidie platform (Fg. 3a) The newronal compan-
ment wai coated with laminin and SHSYSY cells were allowed 1o
differentiate for 7 days under retinode acid stimulation, afver which they
presented long axonal extensions (Fig. 3b) Tymsine hydmoxylase (TH) &
the rate limiting eneyme n the NE synthesis cascade and commaonly

expresged in sympathetc newmns. TH expresmion was verified in
SHEYSY cells cultured in the microfluidie plathem, confiming that
SHEYSY cellk maintain a sympathetic phenotype when cultured in oer
e Lt -onra-chip platfom (Fig. 3¢). Since NE secretion would be the
main contribwtor o owr metastatic model, NE was subsequent]y quanti-
fied in the conditioned med um of the newromal compartment {Fig. 3d).

NEURONAL COMPARTMENT

(a) Schematic view (b) Morphology

2.Neuran

Compartment DAFT BE-Tubulin

{c) TH expression

[

ME {pgimLipg protain)

DAP pE=Tubidis TH
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ME was detected in a nanomolar concentration range, a8 oonoen tration
sulficient for ad renergic receplor stimulation [40]. No significant d i-
feremnces wene observed between SH-SYSY cells cultumed in the micm-
Muidic platbrm and the 9%6-well plate reganding NE production,
validating the asumption that sympatetic input i mantained in our
platform.

F4. Bone ampartment: bone resarbing osteocksrs on miinenolized ECW

Breagt cancer is uduslly of osted yric natime, leading to etendve bone
degradation. Ostepclasts, multinscleated cell that are able o retorl the
Isvivee, are therefore crsclal playens in the establishment of metastatic bone
letons In Get, proteing meleased from the bone matris during reorption
a well as other ostesclamtseemiad facors are able to modulate breast
cancer cell behavior and alo newron activation in the bome micmenv-
mament [41,42]. Ailming o replicae these interactions, manere human
odteoclait wene cultumd on top of bone dices ingdde the micmiluidic
platirm for three days, mefreshing RANKL and M-CSF daily o enaire
ample aoceis 1o these cytokines (Fig 4a). Chamcter itic featumes of mature
odtepclat were olserved, :Mmd_v ]ar,'qi: c_ma]:laun area, actin ring for-
mation and eatecclast marker cathepain K expression (Fig. 4b and ). Of
note, different morphologies were observed in vadous osteoclasts, namely
cimular actin dings (Fig. 4b) or cresoent-shaped actin rings{ Ag. 4c), which
mflect the direction of mesorption and ame characterigtie of different
mamption modaliies [2E843). Ostesclasts ame inherently capable of
reanrhi ng the bomse while being static o while moving semss the surface of
the bone, generating resomption plis or trenches, mapectively (Fig. 4d, e,
Fig. 531 Accordingly, resorpion pis and trenches were visible on the
saurface of the bone slices, demonstrating that teoclasis were not only
marphaogically differemtiared but alo fully functional (Fig. 4dL

Fig. 3. Newron-lke cell compariment optmization.
(=) Schematic representation of the newron ke a2l
compertment. (b} Micograph of SHEYSY cells
cultured for 7 days imside the micrafluidic compant
ment. Several newonal exiensions are highligheed in
white arrows. Blus - DAFL; Cyan - Sl Tubulin Scals
har 100 pm. (<) Expression of the s ympathetic marker
TH in SH-S8YSY anlwred in the micrafluidic platfonm.
Single channe] images are showed on the nght. Bus
(Top)- DAPE Cyan (Mid) - Al Tubulin; Red (Botinm)

TH. Scale bar - 100 pm. () NE concemtration quant
fication in SHSYSY conditionsd medim fram the
microfiuidic plstiorm or in well plates Deta is
expressed 25 median of individoal data points from 4
independent experiments and was normalized to the
tofal protein | mntent (Mam-Whimsy &5t non
=i gri fiant].

{d) NE production

wall Plats
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3.Bone
Compartment

DAP] AsticCatbapain K

(d) Bone slice surface

(b} Fit-forming osteoclasts

{c) Trench=forming csieodasts

DAP] ActinCethunsin K

(e) Bane resorption schematic

Fig. 4. Bone compartment optimization. {2) Schematic representation of the bone compartment. (b)) Micrograph of mature, mulhimd sxed o teod2cts on the surfce
af the bone slice. The white ammowhead shows an osieodast with 2 circular actin ring, characteistic of pesorption pit formation. {c) Mature osieod asts an top of 2 bane
slice The white armowhead shows an oseod2st with a cresoent shaped actin ring, characteristic of 2 res arption trench formation. Single channe] i mages ame showed an
the right Blus (Top) - DAPL Green (Mid) - Actim Red {Bottam) - Cathepsin K Sale bar - 1080 pm. {d) Taluwidine blus siining of the surfsce of the bane shios afier ghree
days of cnlture Several nesorption events ame s=en throughout the bone slice. In the left inset resorption pits ame visible while in the fghtinsst 2n example of 2 renchis
shown. Scale ber - 200 pm. {2 Schematic represemtation of osteoclest resorption. activity. Osteoclests are @pable of stationary resorption (left) or nesorption while
meving through the bone surkce (right], keading to the formation of nesorption pits ar trenches respedtively.

3.5 Nondelegive crosstalle gpaning commioieation between breast
e T o d ast

Alter individual ¢haracterization of each companment, MDA-1833
oolls, SHEYSY celk and osteoclasts were cultired smul tan ey in the
microlluldie platform (Fig. 5a). To that end, SH-5YSY were firat seaded
and dilferentiated with mtinoic acid for 7 days, bllowed by mieoclast
and MDA-1833 seeding in their respective compartments (Fig Sh). Celk
were [urther cultured for 3 days, refreshing RANKL and MOCSF daily in
the bone compartment until the end of the experiment. Cell momphology
of each cell type was confimed by immumecytochemiary in the end of
the experiment (Fyg. Sc) This was an important validation step since we
were able to show that dmilar momphology and differentiation stats
were achieved when all ealls were cultured smultaneody, even though
each compartment enoompassed dilferent ¢ uliere media that were mized
by diffusion during the couse of the epedment.

Az stated above, the aim of this platform was o investigate how
breastcancer cells would respond to sympathetic stimuli under mieoclast
emasalk, by forwsing our study on breast cancer seersted Bictons. Snoe
proteing deseribed to modulate the bome microeniroment wene
detected in the conditioned media of MDA 1833 cells in the previows
oplimization step we decided 1o st our samh by wsing a bone
metabol Em protein amray. Conditioned medium was extmcted from the

breast cancer comparment in the end of each experiment and sereened
fior proteins tat could be mlevant for our model, e IL-6 and monocyte
chemoantractant protein 1 (MCP-1). After normalization for otal prodein
comtent, the melative exprsision of each protein in the breast cancer
companment wasdetermined (Fig Sd) Of note, when breast cancer colls
were co-cultured with esteoclasts, increased levels of 116, IL-8, MCP-1
and macrophage inflaimmatory proein la (MIP-1a) were observed in
the breast cancer compartment, which point to an effect of ostesclasts on
MDA-1833 secretome. Intemstingly, the pro-inflammatory setling was
Ferther e xae erbated when SH-5Y5Y calls were added 1o the model, where
the levels of IL6 and MIP-1a wene futher sugmented (Fig Sd). Indeed,
aympathetic stimhs has been deseribed 1o inerease 16 levels in MDA-
231 breast cancer cellswith high fadenegic receptor | f-AR) expression
[44] and both MDA 1833 and human ostenclaits expres several AR,
being therefore responsive o sympathetic stimuli (Fig. 54). Based on
these resuls, MIP-1a and ILe6 were then selected & potential candidate
targets of sympathetic dgnaling in breast cancer and proceaded 1o vali-
date the aray by quantifying the expression of these cytokines by ELISA.
Again, we observed a d@mificam increase in MIP-la in the cancer
compartment when all cell types wene culted together with the valves
in an open state (Fig Sel mporantly, the levels of MIP-1a detected in
the cancer compartment, when MDA-1833 cell were co-cultured with

aither osteoclasts or neurong, did not differ from MDA-1833
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Fig. 5 Triailtwe assembly on the micrafluidic platform. (2) Schematic representation of the assembled micrafiuidic platiorm. (b) Timeline of the experiment (<)

Representative micrographs of (1) the cancer compartment, (2) the newon compartment and (3) the bane compartment Scale bar

100 pm (d) Bone metsbalism

amay data of conditoned medium from the ancer compartment Date is represented as Mean Fluorescence Intensity and narmalized by ozl protein content. (e, )
Quantification of MIP1a and ILé concentration in conditioned mediz from the breast ancer compartment by HLISA. Data is expressed as median of individual data
points from 3 independent experiments and was narmalized © the tatal protein content (One-way ANOVA =t, *p < (0L05, **p < 0.01). (g) Quantification of resarption
event number and (h) percentage of trench number redative to total number of events. Dat is expressed as median of individual data points from 3 independent
experiments (One-way ANOVA #st, nonsignificant). (i) Schematical representation of the experimental setting. Clsing the valve between the newonal and bone
campartment farces communication to be preferentially through the cancer compartment. (j) Quantification of MIF1a and (k) . 6 concentration in conditioned media
fram the breast cancer compartment by ELISA. Data is expressed as median of individual datz paints fram 3 independent experiments and was narmalized to the nal

pro®in content (Mann Whitney test, non signi ficant).
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monoculieme. These resuls highlight the potential of owr micmdluidic
plathoam 1o capriee the symergistic effec tod maltiple cell cmastalk and the
importance of a dynamic interaction between the three cell types On the
other hand, L6 lewek were significantly nereased in the tri-culieme
condition when compared to MDA-1833 and osteoclast co-culiure con-
tmls but were similar 10 MDA-1833 monoculiure contmls (Fig. 50, The
imere e in TL-6appears o be die to neronsal inpots, dneee the addition of
SH-5YSY cells sharply incrested D16 production as could be wen in
MDA-11833 and newron eo-cullure controls. MDA-1833 cells are the
mein soume of L6 since only msidual 1L-6 was detected in newmonal o
osteoclast mono-culure controls (Fig. 55).

Despite the apgmented levels of MIP-1a and IL6 poo-inflam matoey
mediators in the cancer com partment, twse did not alfect overal] sste-
oelas mesorplion sctivity nir retorption mode in the bone comparntment
(Fig 5g and h).

Taken together, our rults demongtrate the impoance of the dy-
mamic commimication between the different players in the metastatic
niche and the abiity of sur micmluidic platform o capture these com-
plex interactions

3 Selecfive crosstalle cling
amodms

h el

Intercel lular commumdcation on the micmofuidic platform i dynamic,
where each different cell rype is able to shape the maponse of the otler
colls over the courmse of the experiment. The indlebdon of valves in oer
platform adds an extra lyerof complexity, allowing the manipulation of
the communication by stopping the fow between two speeifie com-
partments The observed increme n pro-infllammatory factors in our
misbe] supported by other previows repors have shown theat direct
sympathetic simuhs increases breatt cancer agpresivensss [44]. Ths,
we hypothesized that the bloekage of communication between the
neuron and bone companment would not affect the production of
pr-inflammatory cytokines in our model. Taking advantage of the
Cuake valves meoporated in our metstsison-achip model, we
agembled the tricultme while keeping the valve between meumn and
bone comprments closed, in order 1o asmess the mpaet of differem
o indeation routes on the produetion of I-6 and MIP-1g in the cancer
compartment (Fig. 5iL As hypothesized, closing the valve between
neuronal and bone comparment did not change the levels of MIP-1a nor
e (Fig. 5 j, kL These resulis sugpest that direct communication be
tween SH-575Y cells and oftecclats is nol required for the olgerved
levek of -6 and MP-la levels in the breat cancer companment, sinee
limiting commumication between newnn and osteoclasts did not change
thee levels of these cytokines secrted by breast cancer cells.

4. Discussion

The crosstalk between the multiple components of the breast cancer
bone metagatie niche is nhemenly complex. Although in vitro models
provide a simplistie view of these intricate interactions, micmdhidic
gystems can be used & vemsatile tods that are able to recapindate
important kallmarks of disease progresion. Our work describes a new
me e E-ona-chip pladform designed 1o dissect the imerplay between
different cellular players within the breast cancer bone metastatic nichs.
This microllsidic plafomm retaing a high degree of complexity by
allowing the culture of at least three different human oell types dmul-
taneouy, namely bone topic breast cancer cells, newmns and osteo-
clasts. Moreover, the physical sepamtion of the cellular components
emables a dynamic crosstalk between the different cell types exchsively
thmough sereted factoms, which will result in a cleaner readow imer-
pretation, dnce direct cell-cell imeractions do nol cocur in oer model.

The majority of the microfluidic plaforms wed in the litemmme ame
proadwced wing soft lithography processes that, although allowing ahigh
degree of spatial resolistion, als mequire costly faeilites and highly
qualified personnel Using alfordable consumer grade 3D printers, we

mw
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were able 1o produce rein molds with adequeate reso ution and a smooth
aurface compatible with pasma cleaning bonding procstses Further-
more, the combination of features of d iferent heights in the same mold
facilitates rapid prototyping and can be trandated into a design freadom
that is not Eaile in standand photolithography. For the st tme, we
deseribe a research tool that integrates human bose tropic breast cancer,
netron cellk and ostenclas in a single POMS platform manufactmed
fmom 30 primted molds We believe that this methoddogy oould be
employed in other research settings, since we wed widely accesible 3D
printers and computer aided design tools that do not requine specialized
training. Our platform was designed for the analysis of secreted facios
immlved in the crogsalk aking place at the bone metastatic niche, bt
compariment dimendong, channel length and cellular types could be
prototyped and adapted o Gt the needs of diferent Maogieal questions
Bone tropc MDA-1833 breast cancer cell sphemids were chosen 1o
mimic a breast cancer bome metastatic niche. Cell sphemids are widely
e o i ocded temor niche interactions and present advantages regarding
metabolic gradients, apoplosi and dreg resistance profiles when
compared to sandard monolayer cul e techniquees [45,46). MDA-1833
cell spheroids were svecesfully intmduced in the micraluidie platfom
and presented similar size and apopiosis levels as spheroids grown in
nommal 96 well plates However, the environmental featmes inberem of
the microfluidie compartment, such as lower access 1o mutrients and
oxygen, seem to have an impact in MDA-1833 protein expresion
Mormalized I1-11 levels were shown o be inceaed in the
metstsisona-chip plaform  when compared 1o 96well plates,
coherent with a more pro-infllammatory and esteslytic phenotype. In
addition, MDA-1833 celk were fimt deseribed by Kang ot al and are
reported b0 express amydad of other osteolytic Fetors [31]. OF note, we
showed that LTEP1 is more abundant in the conditioned mediem of
MDA-1833 calls e ltired in the microlluidic platorm when com pared o
normal 96-well plates. Ostenclasts ame capable of cleaving LTEP1, which
i subsequently involved in the mleaie of TGRH from the bone matrix
during bone resorption [47] and will then feel nemor growth in the bone
niche. Furthemone, we showed that proteins fom the matrisome [45],
such a8 MMP1 and CTGF, were aso incressed in owr miemdluidic plat-
foam, condsent with an incrested breast cancer aggresive behavior.
Since solid temors are oien of hyposic nature duoe to limited o
abermrant oxygen supply, hypoxia has profound implications in breast
cancer progression and it has been already implicated in the eablish-
meant of bone metstagis [49]. Accondingly, the topographic featums of
our micrdluidic gathem imply a lower mediem volume in the cell
compartments and consequently a lower acoes to oxygen and nutrents
envimament when compared with a standard well plate. Hyposda &
deseribed 1o promote the expression of CTGF in MDAME-231 cells [50],
which might explain the shaerved increase in CTGF seom tion.
Although we have focused on bone tropic bresst cancer seemied
peptides in owr study, our mierofluidic gatbem can be potentially wed
1o amalyze other secreted factors such &8 cancer-derived exosomes Exo-
swmes are extracellular vesicles that can deliver prodeins, lipids and
microfN A to modulate cellular commumication and have already boon
implicated in breast cancer bone metastais and osteoclan differentiation
[51]. In the fetwre, this novel system can be potentially wsed 1o evalsate
b sym pathetic newronal activation alvers the secretion of exgomes by
b bropic breast caneer celle
I order o stsdy breast cancer asociated e pain, the emastalk
between sensordal neurons and breast cancer cells with micmdluidic
platforms has been previowsly modelled [52]. However, 1o our knowl-
edge, no previows atempts have been made to mode] sym pathe tie newon
- bresst cancer cellular imemctions ina bone metastatic context wing
microfluidic technodogy. The culteme of murdne sympathetic ganglia in
microfluldie platforms was established to study cardiomyoeyte stimula-
tion, but human sowes of sympathetic newmns are limited. Retinoic
acid differentiated SH-575Y cells have been previowsly wed as models of
gympathetic neunas [ 39, since these cells ane capable of expresing the
aympathetic matker TH and produes NE In owr model, we were able 1o
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sucoessully cultivate NE-secreting human sympathetic newrms, which
wi fundamental 1o achieve our final goal

Previow microfluidic mode ks, whem murine ostescl st derived fmom
RAW264.7 cells were co-cultured with asteocyies o unravel the effect of
mechanstinlation on the erostalk between these cellular players,
heave been also dmady deseribed [53). However, as far a5 we are awan,
our work {4 the fira 1o deseribe the culture of human odeoclaas in a
micralluidic plathrm. One of the advantages of our propoged model &
the addition of bone slices to the bone compartment. Bone slices metain
important wopographic and biochemical coes that are crucial for osteo-
clastic resprption activity, allowing for resorption activity madows that
were ol el previowsly seen in micmdhdic deviess. Importamly, in
addition to the wotal extent of osteoclast resomption activity, it & possible
1o distinguish different resprption modalities in the surface of the boe
dices. Vardations in the trench content relative to the total number of
events oould be indicative of differences in collagenolyss versis demin-
eraltration mies and cathepsin K activity [54]. In additien, trench
mesmrpion is Bserand favors bone fagility, and is asociated with mone
aggresiive bone degmdarion [25].

Aflter optimization step, microfluldic assembly of all thee cell types
allwed a unique glinee at the interce lular emestalk thet occirs at the
I metastatic niche. Inowr metastagds-on-a-chip platform, we showed
that bone tropic breast cancer cells received synegisic inpuns fom
neurons and osteoclass that resubed in increased levels of pro-
inflammatory cylokines Interestingly, IL-6 and MIP-1a were almeady
implicated in the progression of bresst cancer bone metastass and
ofteo stogensis [55,56]. Futhemore, our resulis are consistent with
previous stidies whem sympathetic gimuhs inereases [L6 prodsction in
breast cancer [44] and melanoma cell lines in vito [57]. On the other
heandd, oateoclast secreted factors o proteing melested from the e
matrix during resoaption were abo deseribed 1o promote breast cancer
growth [5859]. As could be seen in MIP-1a secretion levels, we showed
that dynamic communication, contrarlly to standard cond itioned me-
dium approaches, is of vial importance 1o reeapilate interactions that
onuld take place at the bome me tatatic micm-envinnm ent.

O of the main leatures of our platfom is the inchsion of valves in
each of the intemonnecting chanmel. Thete valves wene desgned based
on the Quake valve architecture, where presure applied 1o a Oexble
membrane allows the closure of a Muidic chanmel [60] Quake valves
were previowsly wed in both photolithography [61] and 3D printdng
applications [16] and are a valusable oo for Duidic control In this
mieralluidic platform, Queake val ves serve two main purposes 1) we wene
able o constrain each different cell in its respective compartment during
ool] seeding and 2) we could alver the diffision partern and directional ity
of the stimuli from one companment (o another. We demonstrated that
by cloging the commusmication betwesn bone and mewron compatments,
cytmkine levels secrted by breast cancer cells did mot change signili-
cantly, pointing towards a negligible effect of direct newmn-oteoelast
oommunication on the changes observed in the cancer compartment.
Although epinephrine was reported to increase dilferentiation of human
ot laat-like cellz, the diree teffect of NE onhuman odteoc] ast activity &
atill unkmown [62]. Futere effort should be directed towands under-
Atamding what are the esteoclast/neurnn derived factors that promate a
breast cancer pro-inflammatony phenotype

Owr maodel presents some limitations in its current foom. First, we
included sympathetic newmns and oseoclass bt the bone metastatic
niche & extremely complex and composed of muliple cellular players
[1] We could potentially e our micralluidie pladform o sudy how
mesident macrophages and lym phocytes, mieocyies, hematopodetic stem
colls, fibroblass and endothelial cells could als eontribute o the
establEhment and progress of the mettatic diseate. For ingtance, futere
improvements 1o this miernfluidic model would include te additon of
immune cells o the cancer companment. Since macrophages ame
responsive to NE [63], it would be intemsing 1o sstes how they impact
breast cancer bone metastsis under sympathetic stmulus In additon,
under sympathetic stimulation, osteoblast dedved vascular endothelial
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growth Fae e (VEGF) and [L-10 was able 1o modulate endothel ial celks 1o
facilitate breast cancer cell extravasation from cireulation into the bone
mamew niche, both in vitro and in vive [18,22]). A different platfom
design would be required 1o incluede endothelial cells, though, 1o allow
hydmgel seeding, Nuidie Now and sel-amembly of blood vesels

Second, several studies have shown that breast cancer cells induce
oatenlyis via aiteoblastlineage celk and not by direct osteoctas stim-
ulation [64,65]. Parathymid homonemlated potein (PTHF) &
deseribed to be secreted by breast cancer cells and to promote the pmo-
duetion of RANKL by mteoblats, subsequently msulting in oiteoclast
activation [65). Furthermore, the secretome from MDA-ME-231 cells was
mecently deseribed to modulate steoblast mediated bone matrix depo-
stion in vive [66]. On the other hand, osteoblas were observed inclose
oontact with prostate and breast cancer cells in clinieal bone metastas
iopsies, sugpesting that not only secreted factors bt ako direct cellcall
contact between odteoblasts and cancer cells could be important for
oateoclastogenesis and bone degradation [67]. The addition of primary
human ostecblasts in the cancer companment, mimicking the in-
teractions that take place berween tumor cells and cancer stseiated G-
broblaits, could be an interesting upgrade 1o the microfluidic model in
omder o fully recapitulate the bome maomption promoting capacity of
breast cancer cells.

Third, the potential of mur platfform 1o investigate the effect of
diflerent cancer cell lines on the bone niche could be further explomsd .
We lociwed on metastatic MDA-1833 breast cancer cells to mimic the
loeal colon tation of bome, nevertheles it would be interesting 1o asses
how the parental cell line MDAMBE-231 mact 1o osteoclhs secmed
Tactors wnder sympathetic activation. Furthemaore, differences inthe mle
of distinct molecular subtypes of breast cancer on the bone niche, such as
luminal-like or epidermal growth Betor meepltor 2 (HERZ) enriched
breast cancer cell lines, could be investigated in futere studies. Fnally,
prostate cancer, lung cancer and multiple myeloma also display bone
topism [59], and thus snedying the effect of sympathetic stimuli on
prostate dung o multiple myeloma bone metstatic niche would
demonstrate the translational potential of owr model

5. Conehision

In summary, we have developed a new model of sympathetic regu-
lation of breast cancer in a bome metastatic conten through the ine-
gration of breast cancer cells, teoclasts and sympathetic newrondike
SH-EYSY celk on the same microfluidie platform. Our model displays
several advantages compared 1o other breast cancer metastatic models:
1) manufacture & cheap and acosgible withoat the need for special ed
stall and equipment; 2) imegrates a full humanied system with bone
tropic breast cancer eells 3) containg a bone matris with ntact biome-
clhanical and biochemical cues leading 1o relevant bone mesorption
readouts; 4) includes three quake valves that allow compartment isola-
i during cell seeding and modulation of diffision directionality. We
sucoesdully characterized the cul e of differnt cell rypes on owr plat-
form, which led 1o the identification of inflammatery mediators that
oould be invalved in the breast cancer response 1o sympathetic stimuli in
the context of bone metastasis.

Colleeively, our fndings could set the basis for additional explora-
i of the mechanisms that govern sympathetic modulation of breast
cancer bone metastasis. Futher ingights o the cancer-bone-neimn
cmsstalk could be gained by manipulating the microenvimnment of
each compartment by the addition of different cell players, the we of
specific dgnaling pathway inhibitors or by including breast cancer
knick-out variants In the hbere, otr metagasgs-on-achip platform eould
also potentially be applied for drsg sereening asays and incorpomie
patient-derived tumor samples or ofteockaas o mproved transarional
mlevance. Importantly, this work presented a new platform that could be
wsed a3 bags for fundamental ressarch on vadows physiologieal and
pathological settings, with the posibility of changing the different cell
types to cater the needs of individual messamch questions
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