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Even though breast cancers usually have a good outcome compared to other

tumors, the cancer can progress and create metastases in different parts of the

organism, the bone being a predilection locus. These metastases are usually the

cause of death, as they are mostly resistant to treatments. This resistance can be

caused by intrinsic properties of the tumor, such as its heterogeneity, but it can

also be due to the protective role of the microenvironment. By activating

signaling pathways protecting cancer cells when exposed to chemotherapy,

contributing to their ability to reach dormancy, or even reducing the amount of

drug able to reach the metastases, among other mechanisms, the specificities of

the bone tissue are being investigated as important players of drug resistance. To

this date, most mechanisms of this resistance are yet to be discovered, and many

researchers are implementing in vitro models to study the interaction between

the tumor cells and their microenvironment. Here, we will review what is known

about breast cancer drug resistance in bone metastasis due to the

microenvironment and we will use those observations to highlight which

features in vitro models should include to properly recapitulate these

biological aspects in vitro. We will also detail which elements advanced in vitro

models should implement in order to better recapitulate in vivo physiopathology

and drug resistance.

KEYWORDS

drug resistance, breast cancer, bonemetastasis, organ-on-a-chip, tumormicroenvironment
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fonc.2023.1135401/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1135401/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1135401/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1135401/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2023.1135401&domain=pdf&date_stamp=2023-04-11
mailto:simone.bersini@eoc.ch
mailto:matteo.moretti@eoc.ch
https://doi.org/10.3389/fonc.2023.1135401
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2023.1135401
https://www.frontiersin.org/journals/oncology


Lamouline et al. 10.3389/fonc.2023.1135401
1 Introduction

According to the World Health Organization, breast cancer is

the most common cancer worldwide as of 2020, with the number of

diagnoses having nearly doubled in the last two decades. Breast

cancer is the second most deadly cancer amongst women, with

mortality being especially high in countries with low income and in

women of color (1–3). If the cancer is caught early enough, the

treatments are usually very effective. However, breast cancer

frequently metastasizes to bones, especially for the more advanced

cases, rendering conventional treatments ineffective as metastases

poorly respond to chemotherapy (4). Around 70% of the patients

with advanced cancer will develop bone metastases (5).

It is now commonly accepted that breast cancer colonizes the

bone according to the “seed and soil” theory proposed by Stephen

Paget in 1889. According to this hypothesis, certain secondary

organs such as the bone are better “soils” than others and are

more at risk of developing metastases. Moreover, the primary tumor

has the capacity to prepare the secondary loci for metastatic

colonization, here the bone marrow, then cancer cells migrate

towards this newly remodeled microenvironment as disseminated

tumor cells (DTCs) through the vascular system. Once in the bone

marrow, DTCs can stay quiescent for years before invading the

surrounding bone (4). Awakened cancer cells interact with different

bone cell populations (e.g. osteoblasts, osteoclasts, immune cells,

mesenchymal stromal cells) to hijack and enhance the bone

remodeling process in order to benefit their own growth. This

process, called the vicious cycle, leads to what are known as

osteolytic lesions, which are skeletal-related events linked to a loss

of bone that causes debilitating pain for the patient. The bone is also

considered a hub for further dissemination, as cancer cells in the

bone get primed to further invade other organs (6).

To this date, no treatment to cure bone metastasis exists

and only palliative care is available due to the inability to block

the vicious cycle, as well as to drug resistance generated by

the microenvironment (7). Indeed, it is now well known that the

bone and the bone marrow exert a protective effect on cancer cells

by shielding them from cytotoxic drugs or even increasing their

aggressiveness (7–9). However, there is still a lack of knowledge

regarding the specific role that the microenvironment plays in this

process. In this context, the gold standard for pre-clinical drug

testing (i.e. 2D assays in mono or coculture) cannot give enough

information to accurately predict the effect of a drug. For example,

2D assays cannot recapitulate the bone remodeling process, even

though the vicious cycle is one of the main reasons for the

aggressiveness of bone metastasis. These models are also unable

to properly recapitulate drug pharmacokinetics due to their lack of

3D perfusable blood vessels and extracellular matrix (ECM).

The results obtained with traditional 2D assays are then generally

validated in rodents, which have a different physiology compared to

humans. Hence, the impact of the human tumor microenvironment

is underestimated or even neglected during the first steps of the

drug development process (10). For example, mouse/rat models

have a vastly different immune system compared to humans, which

affects the cancer progression as well as the metabolic reaction to
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anti-cancer drugs (11). Rodents also rarely form spontaneous

metastases to bones (12). On top of that, animal models do not

allow to easily perform parametric studies in high-throughput like

removing or adding specific cell types to study a particular feature of

the microenvironment. 3D human models hence represent a

valuable tool to complement current pre-clinical drug testing

approaches in order to more efficiently identify novel therapies.

Indeed, these models can include various human cell types

embedded in an ECM-like environment and allow for the high-

throughput study of various biological mechanisms in a controlled

and customizable setting, hence effectively predicting cancer cell

behavior in response to drugs (13). The reader can refer to the

following reviews for more details on the various existing 3D

modeling techniques focused on oncology and drug screening

(14–16). Even though it is currently not possible to completely

bypass the use of animal models in drug testing, screening and

analysis in every field, it is likely that the prevalence of complex in

vitro models could reduce or even replace the requirement of

systematic in vivo experiments in the next decades. For example,

a recent study on liver toxicology showed that an organ-on-a-chip

model outperformed conventional models, highlighting hepatotoxic

reactions that were missed in animal models (17). Therefore, having

a better comprehension of the interactions occurring in human

tissues would most likely benefit the research community and

potentially optimize the drug discovery pipeline.

In this review, we analyze the role of the bone microenvironment

in the onset of drug resistance during the progression of breast cancer

with the final goal to highlight which components and specifications

3D human bone models should include to properly recapitulate

clinical observations.
2 Breast cancer bone metastasis
and treatment

The development of bone metastases is associated with a poor

prognosis: at this date, no cure exists and only palliative treatments

are available. Moreover, the symptoms associated with bone

metastases are very debilitating. They include severe pain,

pathological fractures, nerve compression syndrome and

hypercalcemia, all of them severely impairing the patient’s quality

of life (18).

The process of bone metastasis formation is usually described

with three steps, where the role of the microenvironment is tightly

linked to the development of metastases. Firstly, the pre-metastatic

niche is created. This process allows for the cancer cells to remotely

influence the microenvironment of foreign tissues to facilitate

future colonization by recruiting specific cancer-associated cells to

remodel the ECM and create an immune-suppressive environment.

Then, “educated” stromal cells facilitate the extravasation

and attachment of DTCs (19). This process is driven by the

interaction between cancer cell receptors with blood vessel surface

ligands as well as with specific ECM proteins (e.g. laminins,

fibronectin, vitronectin, osteopontin (OPN), bone sialoprotein).

Indeed, these ECM proteins contain the arginylglycylaspartic acid
frontiersin.org
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(RGD) tripeptide that can be recognized by cancer cell surface

proteins (e.g. integrins anb3 and a4b1, C-X-C chemokine receptor 4

(CXCR4), CD44) (20, 21). Cancer cells finally settle in the bone

marrow niches (i.e. perivascular and endosteal), where they can

remain dormant for years or even decades. During dormancy, these

cells do not replicate and are able to evade the action of

chemotherapy (22).

Once awakened, these metastases disrupt the bone remodeling

process by enhancing bone resorption by osteoclasts and decreasing

bone formation by osteoblasts. This process, called vicious cycle, is

due to an increased bone resorption which releases growth factors

that further stimulate metastasis growth (21, 23). Current therapies

are generally initiated when overt metastases are already present

and challenging to eradicate, mainly due to the onset of

microenvironment-mediated drug resistance (9).

Breast cancer often becomes resistant to common therapies

(24). For estrogen receptor positive (ER+) tumors, the first line

treatment includes ER modulators or down-regulators. Currently,

there are 6 drugs on the market targeting ER+ tumors. Most of these

drugs are recommended to be used in combination with aromatase

inhibitors, which are molecules that act directly on the estrogen

production (24). Furthermore, 5 drugs are currently available for

patients with human epidermal growth factor receptor 2 (HER2)

positive tumors, all of them targeting either the extracellular or

intracellular domain of this protein (24). Finally, 19 chemotherapy

compounds have been approved for treatment, either as

neoadjuvant or adjuvant drugs (i.e. before or after surgery

resection, respectively), or for metastatic breast cancer. Though

combinations of drugs are usually administered for an early-stage

breast cancer, it appears that patients with metastatic cancer are

usually administered the drugs one at a time, with 9 drugs most

commonly prescribed (24, 25). All therapies and their effects are

detailed in Table 1.

Bone metastasis can also be targeted using radiotherapy and

immunotherapy. The latter treatment targets immune checkpoints

such as programmed cell death protein-1 (PD-1), PD-ligand 1 (PD-

L1) and cytotoxic T-lymphocyte–associated antigen 4 (CTLA-4).

Immunotherapy has been approved in many cancers, sometimes at

stage IV [such as metastatic bladder cancer (26)], and even as a pan-

cancer treatment for the anti-PD1 antibody Pembrolizumab (as

long as the cancer has microsatellite instability) (27). For more

details, the reader can refer to these reviews (27–29). However,

targeting bone metastases with immunotherapies has been

challenging and to this date no systematic review has clearly

highlighted the impact of immune checkpoint inhibitors. Indeed,

despite the high number of immune cells in the bone marrow, most

of them are still immature and cannot overcome cancer cell

proliferation (30). Furthermore, the presence of inhibitory

immune cells such as myeloid-derived suppressor cells severely

impairs the eradication of metastases (30).

Multiple side effects can be observed upon treatment with both

chemotherapy and immunotherapy. Regarding chemotherapy,

most drugs focus on cells with a short replication time by

targeting their DNA. Hence, a high number of normal cells with
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a high replication rate are also affected. Though the most common

side effects are hair loss, soreness and digestive issues,

chemotherapy can sometimes target very specific organs like the

liver, kidneys, nerves and lungs, causing more debilitating

symptoms such as urinary dysfunctions, pain, fatigue and

dizziness, or even heart damage (31). Moreover, the higher the

dose of chemotherapy, the higher the risk of side effects. For

immunotherapy, the side effects commonly observed in

chemotherapy (e.g. gastrointestinal diseases, mucositis or

myelosuppression) are not or rarely observed. Generally, in

around 10% of patients skin reactions and flu-like symptoms are

noticed (32). The main side effects leading to casualties observed are

colitis, pneumonitis, hepatitis and neurotoxic effects, however they

tend to appear at a lower rate than with other treatments (33). Thus,

having treatments that could target the microenvironment and

increase the sensitivity of cancer cells to chemotherapy could not

only impair cancer dissemination but also diminish the risk of

side effects.

As of today, there are only two kinds of drugs specifically

targeting bone metastases (i.e. Bisphosphates and Denosumab).

These drugs are administered in combination with classic anti-

cancer drugs. Bisphosphonates are molecules that inhibit the

metabolic pathway of mevalonate, resulting in osteoclast

apoptosis (34). The most effective and commonly used

Bisphosphonate is Zoledronic Acid. This drug binds to

hydroxyapatite and is released during bone digestion by

osteoclasts. Osteoclasts then absorb it through endocytosis, where

it inhibits the mevalonate pathway which is essential for post-

translational prenylation of GTP-binding proteins. On the other

hand, Denosumab is a monoclonal antibody that binds to RANK-L

and inhibits the recruitment of osteoclasts (3). Both

Bisphosphonates and Denosumab are palliative treatments that

reduce pain and improve the quality of life of patients. However,

their contribution to completely eradicate skeletal-related events

(SREs) is limited. Moreover, these drugs are associated with side

effects such as renal impairment and acute-phase reactions for

Zoledronic Acid, and hypocalcaemia and osteonecrosis of the jaw

for Denosumab (35).

Because anti-cancer treatments generally do not take into

account the role of the bone microenvironment, with the

exception of the partially effective Denosumab and Zoledronic

Acid, it is emerging the concept that the next generation of

therapies should combine traditional anti-cancer therapies with

novel molecules targeting the other cell populations involved in the

metastatic growth. In this scenario, the design of advanced in vitro

3D models recapitulating the metastatic bone microenvironment

could significantly improve the identification of novel targets and

the design of more effective combination therapies. The integration

of these models with traditional animal studies could significantly

increase the efficiency of the drug development pipeline and

effectively identify mechanisms of drug resistance. For example,

introducing 3D models as an effective high-throughput screening

assay would help to determine with more efficacy which drugs or

combinations have an impact on the disease progression. In
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TABLE 1 Classification of currently available drugs targeting different breast cancer subtypes.

Type Name of
the drug

Name of
molecule Target Effect Side effects Current use

Endocrine
therapy for
HR+ tumors

Novaldex
(pill)

Soltamox
(liquid)

Tamoxifen ER Selective ER modulator
Blood clots, stroke,
endometrial cancer

Most prescribed Early and
advanced stage 5-10 year long

treatment

Faslodex Fulverstrant ER
Prevent oestrogen from
biding to CCs -> ER
down-regulators

ERBB2- No previous endocrine
therapy Can be taken alone or

with Ibrance

Afinitor Everolimus FKBP12
mTOR inhibition ->

restore sensitivity to ER
treatments

Stomatitis, rash
Accepted by FDA with

exemestane (aromatase inhibitor)

Ibrance Palbociclib

CDK4/6 inhibitors Stop cell division

Lung, neutropenia
(low count of white
blood cells), blood

clots
Used in combination with

Faslodexinhibitor for advanced-
stage or metastatic ERBB2-

Kisqali ribociclib
cardiotoxic, liver,

lung issues,
neutropenia

Verzenio Abemaciclib
Blood clots &

inflammation in the
lungs

End of phase III for early high-
risk to decrease the risk of relapse

+ combined with endocrine
therapy

Therapy for
ERBB2+
(HER2+)
tumors

Herceptin Trastuzumab
Extracellular

domain of ERBB2
Slow/stop CC growth +
alert immune system

cardiotoxic & lung
issues

FDA approved for metastatic
cancer

Perjeta Pertuzumab Anti-ERBB2 Ab Inhibits tumor growth Cardiac dysfunction
Can be used in combination with

trastuzumab

Kadcyla
T-DM1 =
herceptin +
emtansine

chemo + ERBB2
target

action of emtansine
without the extremely
harmful side effects

cardiotoxic, lung and
liver issues

FDA approved for advanced or
metastatic

Nerlynx Neratinib
irreversible pan-
HER chemical

inhibitor
Inhibits tumor growth renal impairement

FDA approved with capecitabine
advanced or metastatic

Tykerb Lapatinib
small-molecule
tyrosine kinase

inhibitor

blocks ERBB2 inside the
cell

small cardiotoxic
issues

FDA approved with capecitabine
or aromatase inhibitor Femara for

advanced or metastatic

Chemotherapy

Adrucil 5-fluorouracil DNA
antimetabolite - kills
cancer cell during

division
Neutropenia

Used with other chemotherapies
Early or advanced

Abraxane
Albumin-bound

Taxane
Microtubules Prevent cell division

Neutropenia,
neuropathy

Used with other chemotherapies
Advanced

Adriamycin
& Doxil

Doxorubicin
Anthracycline

DNA
Block transcription +

ROS production
cardiotoxic &
leukemogenic

Early and advanced BC

Cerubidine
&

DaunoXome

Daunorubicin
Anthracycline

DNA
Block transcription +

ROS production
cardiotoxic &
leukemogenic

Early and advanced BC

Cytoxan Cyclophosphamide DNA Alkylating agent Neutropenia Advanced BC

Ellence
epirubicin

Anthracycline
DNA

Block transcription +
ROS production

cardiotoxic &
leukemogenic

Advanced or early BC

Gemzar Gemcitabine DNA antimetabolite Neuropenia, anemia
Metastatic Used with other

treatments

(Continued)
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addition, these models could be a useful tool to tailor the correct

drug concentration, also considering potential side effects on the

surrounding tissues (16). This approach would also allow to reduce

the number of animals tested for each experiment and to limit the

risk of testing molecules that were efficient in 2D but not in a 3D

organ-specific context.
3 Role of the microenvironment
in cancer cell proliferation and
drug resistance

Multiple cell types are implicated in the bone metastasis

process. Apart from osteoblasts and osteoclasts, additional

stromal, vascular, immune and stem/progenitor cells appear to be

essential for cancer cell homing, colonization, proliferation,

quiescence and drug resistance. Here, we will describe how the
Frontiers in Oncology 05
bone microenvironment can influence cancer cell proliferation and

drug resistance by detailing the role of cancer–associated fibroblasts

(CAFs), macrophages, mesenchymal stromal cells, hematopoietic

stem cells (HSCs) and adipocytes. Furthermore, we will analyze the

contribution that the ECM and its remodeling have in boosting

the growth of bone metastases. A graphical abstract of the role of the

bone microenvironment in drug resistance is available in Figure 1.

A summary of the main mechanisms, pathways and potential

therapies in breast cancer bone metastases is compiled in Table 2.
3.1 Osteoblasts

Together with osteoclasts, osteoblasts are known to play a role

in the proliferation of bone metastasis since they are involved in the

vicious cycle. Osteoblasts tend to show decreased activity and send

signals for the recruitment of osteoclasts, leading to enhanced bone
TABLE 1 Continued

Type Name of
the drug

Name of
molecule Target Effect Side effects Current use

Halaven Eribulin microtubules Prevent cell division
Neutropenia,

neuropathy, anemia
Metastatic BC that stopped

responding to other treatments

Ixempra Ixabepilone Tubulin Prevent cell division Metastatic Alone or with Xeloda

Lynparza Olaparib
PARP enzyme

inhibitor
prevent PARP from

reparing DNA damages
BM failure, leukemia,
anemia, neutropenia

ERBB2-, BRCA1 or BRCA2+
Already treated with

chemotherapy molecules

Mexate,
Folex,

Rheumatrex

Methotrexate =
amethopterin

DNA antimetabolite
Advanced Used with other
chemotherapy molecules

Navelbine Vinorelbine microtubules
Vinca alkaloid

Neutropenia Advanced
blocks beta-tubulin

Novantrone
Mitoxantrone
Anthracycline

DNA
Block transcription +

ROS production
cardiotoxic &
leukemogenic

Advanced BC

Talzenna Talazoparib
Inhibitor of PARP,
PARP1 & PARP2
(that repair DNA)

prevent PARP from
reparing DNA damages

BM failure, leukemia,
anemia, netropenia,
thrombocytopenia

ERBB2-, BRCA1 or BRCA2+
metastatic

Taxol Paclitaxel Taxane antimitotic drug Prevent cell division Neutropenia Most widely used anticancer drug

Taxotere Docetaxel Taxane microtubules Prevent cell division
Neutropenia,
neuropathy

Advanced metastatic BC after
other treatments

Tecentriq Atezolizumab PD-L1 inhibitor

Allow T cells to kill the
cancer cells by blockig

the PD-1/PD-L1
interaction

Lung, liver, colon,
hormone glands,
cardiotoxic issues FDA approved for metastatic TN ,

PD-L1+ with Abraxane
Neutropenia,
neuropathy

Thioplex Thiotepa DNA Alkylating agent neutropenia Advanced BC with other chemo

Xeloda Capecitabine DNA
antimetabolite Converted

in cells in 5-FU
Metastatic BC that stopped

responding to other treatments

Other

Avastin Bevacizumab VEGF anti-angiogenic
cardiotoxic and

kidney neutropenia
FDA approved with Taxol

Paraplatin Carboplatin DNA
Platinum-based Damages

the genetic material
kidney damage

advanced BC given in
combination with chemotherapy
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loss (58). Osteoblasts can also contribute to the survival of cancer

cells in the bone, as regulation of calcium intake by cancer cells

cannot be done without the presence of osteogenic cells. Indeed,

cancer cells cannot efficiently absorb calcium from the

microenvironment and a direct cell-cell connection using

Connexin 43 is used to transfer calcium ions from osteoblasts to

cancer cells (59). In this context, gap junction inhibitors like MEFL

or CBX do present a positive outcome in inhibiting this interaction,

although as a side effect they are known to increase the vertebral

curvature. On the other hand, two already approved drugs (i.e.

Danusertib and Arsenic Trioxide) were shown to effectively block

this survival mechanism.
Frontiers in Oncology 06
Osteoblasts also have a role in breast cancer drug resistance. For

example, osteoblasts are known to produce high levels of interleukin

(IL)-6 (60), which correlates to Tamoxifen resistance. Inhibition of

IL-6Ra with the FDA-approved antibody Tocilizumab was able to

sensitize resistant ER+ breast cancer cells to Tamoxifen both in vitro

and in vivo (36). Moreover, direct (through gap junction and

calcium signaling) and indirect (through fibroblast growth factor

2 (FGF2) and platelet-derived growth factor-DD (PDGF-DD)

secretion) interactions between cancer cells and osteogenic

cells leads to a reduction in estrogen receptors. This process

translates into a decreased sensitivity of ER+ breast cancer cells to

endocrine therapy, which involves an enhancer of zeste homolog 2
B

C

A

FIGURE 1

Graphical abstract. (A) Principal cellular players of the bone microenvironment. (B) Main uses for 3D in vitro models. (C) Summary of the
predominant events leading to breast cancer drug resistance due to the microenvironment. Created with BioRender.com.
frontiersin.org
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(EZH2)-mediated reprogramming that also seems to induce

stemness in breast cancer bone metastasis (37). Osteoblast lineage

cells also tend to protect cancer cells against chemotherapy in the

bone through the overexpression of Jagged1, which interacts with

the Notch1 receptor on cancer cells and circumvents apoptosis by

affecting the p53-regulated apoptotic pathway. Injection of a

Jagged1 inhibitor (such as an anti-Jagged1 monoclonal antibody,

here 15D11) in mice improved the chemosensitivity of cancer cells,

making it a promising candidate for targeting the bone

microenvironment (38). Osteoblasts can also protect breast cancer

cells from chemotherapy by inducing a dormancy state, notably due
Frontiers in Oncology 07
to the secretion of cytokines such as tumor necrosis factor a
(TNFa) and monocyte chemoattractant protein-1 (MCP1). The

first one modulates the Fas-associated death domain protein

(FADD)/tumor necrosis factor receptor type 1-associated death

domain protein (TRADD) by biding to the TNF receptor 1

(TNFR1), while MCP1 binds to C-C chemokine receptor type 2

(CCR2) and induces the phosphatidylinositol 3-kinases/protein

kinase B/mammalian target of rapamycin (PI3K/Akt/mTOR)

cascade (39).

Osteoclasts represent the counterpart of osteoblasts in the bone

remodeling process, since they play a very important role in the
TABLE 2 Biological mechanisms and pathways involved in metastatic breast cancer drug resistance.

Cell General mechanism Involved pathways (if known) Potential therapies Reference
number

Osteoblasts Decreased sensitivity to endocrine therapy
due to loss of ER expression

IL-6/STAT3
direct cell-cell contact: gap junctions and

Ca2+ signalling
FGF2 & PDGF-DD induces

EZH2-mediated reprogramming
impacting Wnt and Notch

TNFa/TNR1
MCP1/CCR2 (PI3K/Akt/mTor cascade)

Tocilizumab (anti-IL-R6 Ab)
Sunitinib (PDGFR inhibitor)
EPZ011989 (EZH2 inhibitor)

(36)

Induction of stemness (37)

Inhibition of apoptosis Jagged1/Notch1/p-53 15D11 (anti-Jagged1 Ab) (38)

Induction of dormancy TNFa/TNR1
MCP1/CCR2 (PI3K/Akt/mTor cascade)

anti-TNR1 or anti-CCR2
antibody

(39)

MAFs Supression of T cell function Prostaglandin E2, TGF-b, VEGF (22, 40)

Collapse of blood vessels -> decreased drug
delivery

Increased collagen and hyaluronan
production

Losartan (TSP-1 inhibitor)
Angiostin signalling blockade

(41)

Induction of stemness IL-6 See above (42, 43)

TAMs Decrease endocrine therapy sensitivity secretion of CCL2 activating the PI3K/Akt/
mTor

signalling pathway

(44)

Induction dormancy GJIC (45)

MDSCs Supression of T cell function Arginase expression See paper from Chesney et al (46)

Neutrophils Inhibition of apoptosis TNF-a/CXCR2
S100A8/9

TNF-a antibody
CXCR2 blockers

(47)

MSCs Supression of T cell proliferation Secretion of TGF-b, hepatocyte growth
factors, IDO, PGE2, nitric acid

suppression of Stat5 phosphorylation

antibodies against TGF-b or
hepatocyte growth factor

inhibitors of IDO, prostaglandin
or NOS

(48)

Induction of dormancy GJIC and transfer of miNRA targeting
CXCL12

target of miRNA
target of GJIC (ex: H89)

(49, 50)

Inhibition of apoptosis polyunsaturated fatty acid (PIFA) released
upon platinium-based treatment

blockade of PIFA-producing
enzymes

(51)

TGF-b (52)

Adipocytes metabolizes and deactivates chemotherapy
molecules

(53, 54)

Microvascular
endothelium

Inhibition of cytostatic effect Secretion of integrins (b1 and avb3)
Von Willebrand Factor

VCAM1

Antibodies against integrins
b1 and avb3

(55)

ECM Inhibition of apoptosis b1 and avb3 integrins
PI3K/Akt pathway

Antibodies against integrins
b1 and avb3

(56, 57)
Mechanisms and pathways are divided based on specific cell populations of the bone microenvironment.
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vicious cycle and thereby in the aggressiveness of the tumor (58).

However, their role in drug resistance has not yet been studied.
3.2 Metastasis-associated fibroblasts

Metastasis-associated fibroblasts (MAFs) (also called CAFs for

cancer-associated fibroblasts when talking about cancer in general)

also seem to have an important role on the metastatic proliferation

of breast cancer cells into bone. MAFs can derive from multiple cell

lines including mesenchymal stromal cells (MSCs) in the bone

marrow (61), adipocytes, pericytes and even endothelial cells (62).

Furthermore, inflammatory modulators such as interleukins, direct

contact with cancer cells and physical changes in the ECM

architecture contribute to the differentiation of MAFs (62). These

activated cells produce growth factors (e.g. hepatocyte growth factor

(HGF), transforming growth factor b (TGF-b), stromal derived

factor 1/C-X-C motif chemokine ligand 12 (SDF-1/CXCL12),

vascular endothelial growth factor (VEGF), insulin-like growth

factor 1 (IGF-1)), interleukins, matrix metalloproteinases (MMPs)

and exosomes which promote primary tumor and metastatic

growth (63).

The presence of MAFs in the tumor microenvironment has

been shown to cause chemoresistance through mechanisms that are

so far poorly understood. A study showed that a few key players

(e.g. retinoic acid receptor b (RARb), peroxisome proliferator-

activated receptor b and d (PPARb/d), vitamin D receptor

(VDR), glucocorticoid receptor (GR) and androgen receptor (AR)

in the context of skin cancer) seem to be involved in both cancer

aggressiveness and drug resistance. Moreover, targeting nuclear

receptors that modulate the expression of those proteins led to a

decreased drug resistance to cisplatin (64).

MAFs also tend to suppress the normal function of immune T

cells in the microenvironment through immunosuppressive factors

(e.g. prostaglandin E2, TGF-b, VEGF). Moreover, MAFs secrete

pro-inflammatory cytokines including IL-6 that help to recruit

tumor-associated macrophages (TAMs) and promote their

transition from M0 to immune-suppressive M2 (22, 40).

MAFs are also known for stimulating angiogenesis, mostly

through secretion of VEGF, platelet-derived growth factor C

(PDGF-C) and IL-6 (22, 65). At the same time, MAFs can induce

the collapse of existing blood vessels due to increased matrix stiffness,

leading to hypoxia and to the proliferation of more aggressive

metastatic clones. This effect can be reduced by a blood-pressure

medication, Losartan, that decreases both the amount of collagen and

hyaluronan causing vessel compression, and MAF activation (41).

Importantly, this lack of blood vessels also leads to a decrease in drug

delivery, enhancing the appearance of drug resistance (41, 66).

Importantly, multiple studies also place MAFs as important

protagonists in drug resistance, although not focused specifically on

breast cancer. These studies highlight the role of MAFs in the secretion

of IL-6 which enhances drug resistance by increasing the endothelial

to mesenchymal transition (Endo-MT) and the generation of cancer

stem cells (42, 43). Finally, upon chemotherapy administration it was

shown that normal stromal fibroblasts tend to switch from an aerobic

to glycolytic metabolism, correlating with a transformation of stromal
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fibroblasts into MAFs (67). Although not directly related to drug

resistance, this study highlights how conventional therapies can

alter the microenvironment and paradoxically enhance the

metastatic dissemination.

Even though no treatment options have been tested in the

specific context of breast cancer, a few therapeutic strategies have

been evaluated to specifically target these aberrant fibroblasts. For

example, in pancreatic adenocarcinoma, administering both Nab-

paclitaxel and Gemcitabine helped in reducing the amount of CAFs

in patients. In non-small-cell lung cancer, combining Paclitaxel

with a tyrosine kinase inhibitor (i.e. Nindetanib, targeting VEGF,

FGF and PDGF) impaired the interactions between cancer cells and

CAFs. Finally, targeting TGF-b with monoclonal antibodies like

Fresolimumab or Galunisertib seems to be a promising treatment

strategy in various cancers (68).
3.3 Immune cells

3.3.1 Macrophages
Macrophages can be polarized by cancer cells towards an M2,

anti-inflammatory phenotype. These M2 macrophages make up the

majority of the so-called tumor associated macrophages (TAMs).

These cells can constitute up to 30-50% of the tumor mass in

skeletal metastases and are associated with a poor prognosis as they

promote an immunosuppressive environment (69). This

polarization towards an M2 phenotype tends to be enhanced by a

positive feedback loop where TAMs secrete C-C motif chemokine

ligand 2 (CCL2) that activates the PI3K/Akt/mTOR signaling

pathway in cancer cell. This pathway tends to increase the

resistance to ER modulators. Resistant cells then secrete TNF-a
that activates TAMs and induces their M2 polarization (44).

TAMs seems to have a role in treatment resistance, as

macrophage inhibitors (e.g. colony stimulating factor 1 (CSF-1)

inhibitor) prior to chemotherapy have been shown to enhance the

response to treatment in mammary and cervical cancer (70, 71).

Similarly, treatment of mice with Cyclophosphamide (i.e.

chemotherapy with immune-suppressive properties) combined

with CSF-1 inhibitor reduced macrophage recruitment to the

tumor and reversed chemotherapy resistance (44).

Finally, although not many studies consider the specific role of

TAMs in the bone or bone marrowmicroenvironment, it seems that

TAMs in the bone marrow are able to induce breast cancer cell

dormancy by using GJIC, a mechanism used to evade

chemotherapy which only targets rapidly-proliferating cells (45).

3.3.2 Myeloid-derived suppressor cells
Myeloid-derived suppressor cells (MDSCs) are immature

myeloid cells that later differentiate into macrophages, dendritic

cells or granulocytes. However, in presence of cancer cells there can

be an accumulation of immunosuppressive MDSCs, leading to a

suppression of both innate and adaptive immune response (46). In

bone metastasis , MDSCs are shown to contribute to

immunotherapeutic resistance by inhibiting antitumor T cell

proliferation and cytotoxic activity. They also promote the

expansion of protumorigenic T regulatory cells, thus dampening
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the host immune response against the tumor, which in turns

promotes angiogenesis, tumor invasion and metastasis (46). The

many preclinical and clinical MDSC inhibitors are detailed

elsewhere (46).

One study highlighted the role of MDSCs in drug (i.e. 5-FU)

resistance in the case of hepatocellular cancer. This effect was

mediated by the secretion of IL-6 (72), which is also known to

increase drug resistance in metastatic breast cancer (36, 42, 43, 73).

Moreover, in multiple myeloma (i.e. a bone marrow cancer) it has

been shown that MDSCs had a direct influence on resistance to

Doxorubicin and Melphalan due to the release of soluble factors

(74). However, as these soluble factors have not been identified, it

would be interesting to determine if they would induce the same

effect on other cancer cell types.

3.3.3 Neutrophils
Neutrophils are cells that tend to be cytotoxic towards cancer

cells during the first stages of the metastatic process, but that effect

appears to be lost as tumor progresses. Indeed, neutrophils create an

immunosuppressive action at the late stages of the cancer (75).

Neutrophils are also known to help with the generation of the pre-

metastatic niche by enabling circulating tumor cell (CTC) lodging

at the metastatic sites. Mature neutrophils are shown to accumulate

in the metastatic site even before the arrival of cancer cells, thereby

helping to create the pre-metastatic niche by inducing an in-situ

vascular remodeling and stimulating metastasis initiation (76).

As described with MAFs, neutrophils can also have a pro-

tumorigenic effect post-chemotherapy treatment. Indeed, release of

TNF-a by bone marrow derived cells in response to chemotherapy

treatment has been observed, which leads to the activation of

Nuclear factor kappa B (NFϰB) and secretion of CXCL1/2 by

cancer cells. These signals attract neutrophils to the tumor site

where they produce S100A8/9 enhancing cancer cell survival. The

hypothesis of anti TNF-a antibodies or CXCR2 blockers as a

treatment option is currently being investigated (47).

3.3.4 T-cells
T cells are a group of immune cells critical to the adaptive

response to pathogens and aberrant cell proliferation. They are

divided in two main categories, CD4+ (or Th, for T helper cells)

which modulate the activity of other immune cells, and CD8+ (or

CTLs, for cytotoxic T lymphocytes) which can induce cell death

(77). In cancer, immunosuppressive mechanisms are put in place,

both by cancer cells and the tumor microenvironment to hinder the

effectiveness of T cells (78). It has been shown that the presence of T

cells in the tumor site increases the chance of immunotherapy

response (79). However, a subcategory of T cells called regulatory T

cells (Tregs), known to suppress the immune response (80), seems

to have an impact on cancer cell proliferation. Indeed, tumor

growth is promoted by the infiltration of leukocytes towards

the stromal compartment of the bone marrow. This process

seems to be partially mediated by the recruitment of Tregs (81).

One of the treatments currently in place to reduce T cell

dysfunction and exhaustion, two mechanisms that contribute to

the immunosuppressive environment of the tumor, is PD-1/PD-L1
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blockade. Indeed, cancer cells overexpress PD-L1, leading to an

imbalance of the ratio of PD-1high CTLs and PD-1low CTLs, with a

higher number of PD-1high CTLs in cancer patients compared to

healthy ones that causes dysregulation and exhaustion of CTLs.

However, this blockade might stimulate the expression of PD-1 in

Tregs, which causes further immune resistance (79).

In prostate cancer, a study showed that the presence of CD4+ T

cells in the tumor site promotes chemotherapy resistance

(specifically to Enzalutamide and Doxorubicin) through the C-C

motif chemokine ligand 5 (CCL5) signaling pathway (82), known to

activate the Signal transducer and activator of transcription 3

(STAT3). This pathway could also be involved in breast cancer

chemoresistance (83).
3.4 Mesenchymal stomal cells

Mesenchymal stromal cells (MSCs) are known to have an

important role in bone metastasis development. By being the

progenitors for osteoblasts, MSCs play a critical role in osteoblast

proliferation, bus also in osteoclastogenesis, angiogenesis and

immunosuppression (84–86). MSCs are also essential for HSC

maintenance and thus contribute to the survival of the bone

marrow niche. When it comes to bone metastases, multiple

studies point towards a pro-tumorigenic role of MSCs, mainly via

activation of MMPs which promote angiogenesis, stimulate

epithelial-mesenchymal transition (EMT) and suppress the

immune response, notably T-cell proliferation through secreted

molecules or free radicals (48, 87). Moreover, MSCs may play a role

in preserving the self-renewal ability of cancer cells as they do with

HSCs, thus favoring the establishment of a tumor niche with long-

term proliferative potential (20). This ability is believed to be

effective on a small subset of breast cancer cells that show high

expression of the pluripotency marker OCT4. This subset has been

shown to create gap junctional intercellular communications

(GJICs) with bone marrow stromal cells, a process that allows the

transfer of quiescence-promoting miRNA, thus inducing dormancy

and subsequently chemotherapy evasion and cancer relapse even

after high doses of chemotherapy (88). This effect seems to be due to

miRNA targeting CXCL12 in cancer cells, leading to decreased

levels of CXCL12 and lower proliferation. These miRNAs could be a

therapeutic target (49). In order to more accurately define and

target these GJICs, a study showed that these connections were

mediated by the protein kinase A (PKA) enzyme, whose activation

could be induced or inhibited (i.e. using LY294002/LY303511 and

H89, respectively) (50).

DTCs also use chemokine gradients in the bone marrow and

adhesion molecules expressed by the HSC niche (e.g. CXCL12) that

are believed to be crucial for HSC homing and survival (89). It is

believed that cancer cells can acquire chemotherapy resistance by

using an HSC-like state of dormancy to avoid drugs targeting

rapidly-proliferating cells. Both cancer cells and HSCs use similar

pathways to induce dormancy, such as the CXCL12/CXCR4 axis.

The implication of CXCL12 in dormancy is controversial: on one

hand, it is known to promote HSC self-renewal and pool
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maintenance, either by supporting their self-division or potentially

by inhibiting their cycling status (90). On the other hand, CXCL12

is mostly known to activate key survival signaling pathways upon

biding to CXCR4, such as the PI3K/Akt, the mitogen-activated

protein/extracellular-signal-regulated kinases (MAPK/ERK) and

the Janus kinase/signal transducer and activator of transcription

(JAK/STAT). Contradicting studies have shown either an

overexpression and a dowregulation or CXCR4 in breast cancer

bone metastasis, both pointing to a proliferative role of the

CXCL12/CXCR4 axis (91–93). The mechanism leading to an

avoidance of cancer cells rapid proliferation by CXCL12 and, thus

chemotherapy treatment (94) is, so far, poorly understood. It has

also been found that this dormancy is related to the Notch2

pathway, as blocking this signal resulted in a mobilization of

previously dormant breast cancer cells (95).

The role of MSCs in breast cancer drug resistance can be

induced by chemotherapy itself. For example, platinum-based

chemotherapy, commonly used in triple negative breast cancer

(TNBC) (96), can induce resistance mechanisms due to the

reaction of MSCs to platinum. Indeed, upon platinum stimulation

MSCs can release poly-unsaturated fatty acids, which induce broad-

spectrum resistance to chemotherapeutic agents (51). In other

cancers, such as leukemia, MSCs can protect cancer cells from

further chemotherapy-induced apoptosis through the activation of

the TGF-b pathway (52).
3.5 Adipocytes

Although previously underestimated, increasing interest is

growing around the contribution of the adipogenic niche in bone

metastasis. Indeed, elderly patients are characterized by an increase

of bone marrow adipogenic niche when aging (97). Furthermore,

direct cellular interactions occur between cancer cells and

adipocytes, for instance through adipose-derived leptin and IL-1b
(65). More importantly, bone marrow adipocytes alter the

metabolism of cancer cells, stimulate cell adhesion, colonization

and proliferation, and promote resistance to chemotherapy through

various adipokines (98). For example, it has been shown that

metastatic breast cancer cells tend to migrate more towards a

medium enriched with leptin, a protein released by adipocytes

(99). Moreover, lipids arising from adipocytes have been

demonstrated to increase tumor growth and invasiveness by

increasing the expression of fatty acid binding protein 4 (FABP4,

i.e. fatty acid chaperone that is involved in glucose and lipid

metabolism), heme oxygenase 1 (HMOX) and IL-1b (100). It has

also been shown that cancer cells can hijack adipocytes and

transform them into cancer-associated adipocytes (CAAs), that

overexpress IL-6 and other pro-tumor cytokines (101). Regarding

anti-cancer treatments, a major concern around adipocytes is that

the adipose tissue is known for metabolizing and thus deactivating

chemotherapy drugs (53). Co-culture of adipocytes and cancer cells

in presence of Doxorubicin enhances the capacity of cancer cells to

store the drug in vesicles instead of in the nucleus, which further

increased the resistance of cancer cells (54). Moreover, in specific
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cases of ovarian cancer metastases, adipocytes were reprogrammed

towards a more catabolic state and secreted free fatty acids that were

used by cancer cell to generate ATP, hence conferring

chemoresistance (102). Currently, it is still unknown if these

mechanisms also happen in bone metastases from breast cancer.
3.6 Microvascular endothelium

DTCs mostly reside in the perivascular niche, which is a region

in close proximity to blood vessels. A specificity of the bone marrow

is indeed the capacity of its blood vessels to express adhesive

molecules (e.g. P-selectin, E-selectin, intracellular adhesion

molecule 1 and vascular cell adhesion molecule 1) without the

requirement of stimulation by inflammatory cytokines, contrary to

other tissues. These molecules interact with cancer cells and facilitate

their adhesion (103). Within this niche, the distance between a

cancer cell and a blood vessel is almost 30 times smaller than the

average distance between an osteoblast and a blood vessel. Following

chemotherapy treatment, the distance between cancer cells and

blood vessels is even reduced suggesting that cells located closer to

blood vessels are resistant to the treatment. This resistance seems to

be directly linked with the expression of integrin b1 and integrin avb3
on cancer cells, since inhibiting these integrins with specific

antibodies induced an increased sensitivity to Doxorubicin (55). In

this scenario, it seems that integrin avb3 protects DTCs from

chemotherapy through signaling triggered by endothelial Von

Willebrand Factor (VWF). In addition, DTC chemoresistance is

driven by vascular cell adhesion molecule 1 (VCAM1). This

endothelial surface molecule is an integrin a4b1 ligand along with

other endothelial-derived integrin a4b1 ligands. Combined

treatment with antibodies targeting both integrins b1 and avb3
leads to a higher percentage of DTC cells sensitized to

Doxorubicin both in vitro and in mice (55).

In lymphomas, which frequently metastasize to the bone

marrow, a vicious cycle between B cells and endothelial cells

occurs. FGF-4 is secreted by lymphoma cells, leading to an

activation of fibroblast growth factor receptor FGFR-1 on

endothelial cells and to an upregulation of Notch ligand Jagged1.

As a consequence, lymphoma cells increase their aggressiveness,

invasiveness and chemoresistance (104). It is important to note that

breast cancer cells also use the Jagged1/Notch pathway to promote

bone metastases (105), thus a focus on FGFR-1 expression in breast

cancer bone metastases could unveil new answers in drug

resistance mechanisms.
3.7 Tissue non-specific chemotherapy-
induced resistance

Chemotherapy itself can act as a metastasis-inducer. For

example, a chemotherapy treatment on the initial primary breast

tumor can select chemoresistant clones that could form metastases,

leading to secondary tumors already resistant to the first line of

chemotherapy (106). Moreover, a few in vitro studies demonstrated
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that preoperative/neoadjuvant as well as post-operative/adjuvant

chemotherapy can induce metastases. This phenomenon could be

due to the induction of tissue damage that the body repairs through

the secretion of cytokines that also promote the generation of

resistant clones (107). For example, Paclitaxel activates the toll-

like receptor 4 (TLR4), which is present on macrophages to

recognize polysaccharides and it is also expressed by breast cancer

cells. This activation tends to exacerbate a pro-inflammatory

microenvironment, leading to angiogenesis and cancer cell

invasion. Paclitaxel can also promote an EMT-like phenotype in

cancer cells (i.e. decreased E-cadherin expression and increased

formation of invadopodia), thus enhancing the likelihood of

metastases. Chemotherapy can also increase the risk of CTCs

invading secondary tissues by inducing the release of platelet-

derived microvesicles that bind to the CTC surface and facilitate

their attachment to the endothelium. These “coated” CTCs are also

more protected against immunological destruction by natural killer

(NK) cells (107).
3.8 ECM

Cancer cells expressing avb3 integrin, which is often

upregulated in breast cancer, bind to the ECM components

fibronectin and osteopontin, which along with vitronectin are

highly expressed in bone marrow. In epithelial cancers it has been

shown that adhesion through avb3 integrins leads to chemotherapy

resistance. A similar effect has been reported with b1 integrins, most

likely due to a protective effect of the nuclear response to DNA-

targeting agents (56). Moreover, expression of b1 integrins also

showed a drug resistance effect on Paclitaxel and Vincristine, two

molecules targeting the microtubules. The signaling pathways

activated through b1 integrin ligation induce an inhibition of

cytochrome c release and activation of the PI3K/Akt pathway,

reducing the expected apoptosis effect of the chemotherapeutic

agents (57). Even though the specific role of the ECM in

resistance is still yet to be fully understood, it seems that targeting

elements of the cell-matrix interaction (e.g. integrins) through novel

mechanobiological therapies could help to increase the sensitivity of

cancer cells to chemotherapy treatment.
4 In vitro models of bone metastasis
to analyze drug resistance

It is now becoming evident that the microenvironment plays a

non-negligible role in the homing, survival, proliferation and drug

resistance of cancer cells. In the bone, multiple cell types induce

various pathways that help the cells to avoid or resist chemotherapy

treatment. For instance, osteoblasts, MSCs or even ECM proteins can

directly influence the apoptosis pathway in cancer cells, while TAMs,

MSCs or HSCs allow cancer cells to adopt a dormancy behavior.

Furthermore, MAFs, MDSCs or MSCs can decrease the efficacy of

immunotherapy by suppressing T cell function. Other cell populations

can have a more direct impact on drug distribution: adipocytes
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metabolize and eliminate chemotherapy molecules from the tissue,

while MAFs induce the collapse of blood vessels, hence decreasing the

availability of the drug. Overall, it is clear that drug screening without

the presence of a microenvironment significantly decreases the

likelihood of recapitulating the actual action of the drug in humans.

However, so far drug screening assays have traditionally

been performed on simplified 2D cultures of cancer cell lines.

Animal and clinical studies have highlighted that the local

microenvironment is a key mediator of the drug resistance

observed in patients. Hence, the next generation of pre-clinical

models should focus on the successful integration of organ-specific,

physiological-like microenvironments to overcome limitations of

conventional systems (108–111). Indeed, in vitromodels represent a

useful tool to identify earlier potential drug resistance mechanisms

during the drug development pipeline or clarify basic mechanisms

that cannot be quickly identified with animal studies.

In this scenario, introducing a 3D microenvironment without a

complex cellular composition has already proved to be effective in

modeling biological processes or drug response. Kim et al. proposed

a microfluidic device where MCF-7 breast cancer cells were able to

aggregate into spheroids and showed that the drug sensitivity of the

cancer cells in the spheroids was decreased compared to 2D

monolayers (112). Increasing the level of complexity, some

models included a very basic 3D microenvironment. For instance,

co-cultures of cancer-associated fibroblasts with breast cancer cells

showed higher drug resistance compared to a 3D monoculture of

cancer cells (113). The authors hypothesize that this drug resistance

might be due to both reduced drug penetration in spheroids

(compared to a monolayer) and to intercellular contacts

activating cell survival pathways such as PI3K/Akt, NF-kB and

STAT3. However, the specific pathways involved were not

investigated. These results confirm that 3D models populated

with a simplified microenvironment can help to decipher

differences in drug sensitivities due the presence of both the 3D

matrix (i.e. the interactions with the ECM and the decreased drug

diffusion compared to 2D), as well as the surrounding cells.

A few biofabricated 3D models specifically focused on

studying the drug resistance of breast cancer due to the bone

microenvironment compared to a simplified control (often 2D).

Zhu et al. created a bone model using a biomimetic bone matrix

seeded with human bone marrow MSCs and MDA-MB-231 or

MCF-7 breast cancer cell lines (114). The study highlighted a higher

drug resistance when the 3D microenvironment was subject to an

anti-cancer treatment with 5-FU compared to 2D culture. However,

the authors did not propose an analysis of the pathways involved in

the observed resistance, even though they hypothesize that reduced

drug diffusion and altered transporter expression due to cell-matrix

interactions could play a role. Similarly, Kar and co-authors created

a co-culture model on a 3D polycaprolactone/hydroxyapatite PCL/

HAP clay scaffold with MSCs and either MDA-MB-231 or MCF7

breast cancer cell lines (115). The authors compared the sensitivity

to Paclitaxel of these cell lines in their 3D co-culture and 2D

monoculture showing a higher resistance in 3D. This resistance

was correlated with an up-regulation of STAT3, leading to the

overexpression of B-cell lymphoma 2 [Bcl-2, known to have an

increased expression in chemoresistant cells (116)] or multidrug
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resistant protein 1 (MRP1) and ATP Binding Cassette Subfamily G

Member 2 (ABCG2) [known to be upregulated in multiresistant

cells, meaning cancer cells resistant to multiple chemotherapeutic

drugs with different structures and mechanisms of action (117,

118)]. Likewise, Langer and co-authors assessed the effect of the

microenvironment on drug sensitivity (119). The proposed model

included fibroblasts, endothelial cells, adipocytes and bone marrow

MSCs, which have been shown to have a detrimental effect on drug

treatment. Using MCF-7 breast cancer cell line, the authors showed

that the microenvironment not only contributed to the

aggressiveness of the metastatic process, but also to drug

resistance. Indeed, the concentrations of Doxorubicin and

Paclitaxel were respectively 20 times and 5,000 times higher in

the 3D model than in the 2D control to achieve the same level of

cancer cell mortality. The study also showed that part of this effect

was due to a paracrine influence of fibroblasts by using a fibroblast-

conditioned medium in a 3D cancer cell monoculture, where the

authors still observed a lack of therapeutic response. The authors

concluded that secreted factors from fibroblasts were able to induce

resistance to mTOR inhibition. The device proposed in this study is

a great example of the usefulness of 3D models, both for the field of

drug screening but also for deciphering the molecular pathways

involved in drug resistance. Finally, another bone model composed

by bone marrow MSCs and endothelial cells on a decellularized

bone matrix (120) showed a higher drug resistance of breast cancer

cells when the whole system was subject to an interstitial flow

compared to static conditions. This phenomenon is explained by

the better maturation of the vasculature (compared to the static

condition), leading to less proliferative cancer cells. This particular

feature makes this model a great tool to study dormancy in the bone

niche. This finding highlights the importance of recapitulating both

the cellular complexity and the biophysical stimuli characterizing

the bone microenvironment in order to fully reproduce in vivo

mechanisms. These models are summarized in Figure 2.

To date, very few models are focusing on the effect of the bone

microenvironment on drug resistance, especially considering breast

cancer. Even though the field of drug testing in 3D models is still at

its infancy, many researchers are starting to highlight the benefits of

including complexity in the drug screening process. Since the

immune system plays a significant role in terms of metastatic

proliferation and drug resistance, a few models included immune

cells when studying breast cancer bone metastases. However, these

models are not yet considering drug resistance mechanisms. For

example, Crippa et al. designed a breast cancer bone metastasis

model embedding endothelial cells, bone marrow MSCs,

osteoblasts, fibroblasts and neutrophils in two separate chambers

connected by perfusable vessels (122). This study showed a higher

recruitment of neutrophils when breast cancer cells were present in

the device, as well as a higher cancer cell mortality due to neutrophil

attack. However, the authors did not perform any drug treatment

through the model. It would have been interesting to use that model

to test the influence of the immune system on drug sensitivity,

especially with neutrophils which are known to have both an anti-

and pro-tumorigenic effect. In another study, the immune system

was introduced as bone-resident macrophages (123), which

were co-cultured with breast cancer cells, endothelial cells,
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osteoblasts and osteoclasts. The model was then challenged with

Doxorubicin or Rapamycin. The authors showed that the bone

microenvironment protected cancer cells from both treatments,

hence more closely mimicking what is observed in vivo compared to

conventional 2D in vitro cultures, both regarding the arrangement

of the cancer cells (e.g. cluster formation in vivo and in the 3D

model) and their localization (e.g. close proximity to endothelial

cells and osteoclasts). Focusing on the design of a bone marrow

model, Glaser and co-authors included bone marrow MSCs,

osteoblasts, hematopoietic stem/progenitor cells (HSPCs) as

well as endothelial cells in a fibrin gel (121). In addition to

a different proliferative and invasive behavior of breast cancer

cells in their 3D coculture model compared to a fibrin-only

control, the authors also observed an altered reaction of the

microenvironment to Doxorubicin (i.e. mimicking the

neutropenic effect of chemotherapy and increasing neutrophil

production, both usually observed in vivo upon chemotherapy

treatment). This effect was not observed in 2D culture.

Unfortunately, the authors did not study the effect of

chemotherapy on breast cancer cells in their model. 3D models

can also be a great tool to study the molecular pathways leading to

drug resistance. For example, understanding how dormancy is

induced in breast cancer cells would be of great help to explore

therapeutic solutions to avoid breast cancer relapse and late

recurrence. With that goal in mind, Pradhan et al. designed a 3D

in vitro model composed of breast cancer cells, human MSCs and

fetal osteoblasts, and demonstrated that cytokines secreted by

osteoblasts (e.g. TNFa, MCP1) were able to induce dormancy in

the cancer cells (39). This mechanism could be reversed by blocking

the receptors of these cytokines with monoclonal antibodies.

Other models have been built to replicate the bone or the bone

marrow without a specific focus on breast cancer. For example, Ma

et al. created a bone model including endothelial cells, MSCs and

osteoblasts embedded in a hydrogel to test the resistance of

leukemia cells. The study showed that drug resistance of cancer

cells was higher in presence of the bone niche (124). A similar

model embedding endothelial cells, MSCs and osteoblasts also

focused on leukemia analyzing the differences in drug sensitivity

in 2D, 3D static and 3D dynamic conditions (125). The authors

demonstrated the protective role of the microenvironment by

comparing cancer cell response to a chemotherapeutic agent

(i.e. the antimetabolite chemotherapeutic drug Ara-C) and

showed increased drug resistance due to the presence of the

cells and ECM. The authors hypothesize that this observed

chemoresistance can mostly be attributed to CXCL12/CXCR4

signaling, but also to direct cell-cell interactions involving

vascular cell adhesion molecule 1/very late antigen-4 (VCAM-1/

VLA-4). These two pathways lead to the activation of the

prosurvival signaling NF-kB. Finally, several 3D models of bone

or bone marrow have been created to test the effect of a surrounding

niche on the drug sensitivity of multiple myeloma (126, 127),

prostate cancer (128), osteosarcoma (129) and Ewing sarcoma

(130, 131). All these models highlighted the requirement of a

higher dose of anti-cancer drug to reach the mortality achieved in

2D controls. This effect is mainly due to the microenvironment,

either physically preventing the drug to reach cancer cells or by
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diminishing drug efficacy. These models could be easily adapted to

study breast cancer metastases.

Taken together, these examples clearly show that a 2D assay of

chemotherapy alone cannot accurately predict the efficacy of the

drug in in vivo setting, leading to potential drug failure in clinical

trial or increased side effects. 3D models with complex

microenvironments thus seem to be a better alternative in order

to properly replicate the mechanisms involved in cancer

proliferation and drug resistance, and would benefit from being

developed further. Indeed, multiple cell types such as immune cells,

that are now known to have an effect on cancer aggressiveness and

drug resistance, have never been tested in a drug screening scenario

in a 3D setting. It is likely that introducing them within the

biofabricated microenvironment could yield results regarding

drug effectiveness better mimicking what is observed in patients.

However, it is important to remember that current in vitro 3D

models do not have the ability to fully replace rodent models, as

their complexity is highly limited by the amount of different cell

types able to co-exist in the same matrix, as well as by their

simplified architecture that can only partially mimic a real tissue

unit. Moreover, off target cytotoxicity cannot be easily tested with

3D models as it would require the development of bodies-on-a-chip

[the reader can refer to these reviews for more information about

these systems (132, 133)] that are extremely challenging to develop
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and run. At the same time, even though this and other reviews

describe in length the advantages of testing drug compounds in 3D

systems, it is worth noting that these models are still thought to be

complicated and costly, making them less attractive than 2D

monocultures in a high-throughput context (134). However, as

technological advances progress and commercially available tests

are developed, their cost is expected to become more competitive.

Cost reduction and superior performances are expected to

outperform conventional 2D screening technologies, especially in

cancer research (135, 136).
5 Conclusion and perspectives

As highlighted in this review, the microenvironment is a key

driver for the establishment of drug resistance in cancer metastases.

Unfortunately, the complexity of this microenvironment implies

that the combined action of many cell types on drug sensitivity

cannot be studied using conventional assays. Advanced in vitro 3D

models could be a great tool to better understand the mechanisms

and pathways involved in the onset of drug resistance and to

develop more effective therapeutic options.

Considering the bone microenvironment, multiple cell types

influence the behavior of cancer cells when subject to a drug
B

C

D

A

FIGURE 2

3D models focusing on drug sensitivity in breast cancer bone metastasis. (A) Model by Zhu et al. (114). Breast cancer cells and bone marrow MSCs
were seeded on a bone matrix and showed drug resistance in presence of the microenvironment compared to the 2D culture. (B) Model by
Langer et al. (119). Breast cancer cells were seeded with fibroblasts, endothelial cells, adipocytes and bone marrow MSCs. Increased cancer cell
aggressiveness and drug resistance were observed compared to the 2D control. (C) Model by Glaser et al. (121). Breast cancer cells were seeded
with bone marrow MSCs, osteoblasts, HSCs and endothelial cells. Differences in cell behavior were observed when breast cancer cells were
co-cultured with bone and stromal cells compared to fibrin only hydrogels. (D) Model by Marturano-Kruik et al., (120). Cancer cells showed drug
resistance when exposed to interstitial flow.
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treatment. By protecting cancer cells from apoptosis, guiding

them towards dormancy, or even metabolizing the drug

themselves, cells from the bone microenvironment put in place

a plethora of different mechanisms to help cancer cells to survive

chemo-, immune-, radio- or endocrine therapy. Combined with

the very high failure rate of anti-cancer drugs during clinical

trials, it is becoming clear that the current gold-standards of

preclinical testing (i.e. 2D cultures and animal models) are

lacking critical information to accurately predict how the drug

will behave in the patient. The emergence of more complex 3D

models which more accurately mimic cell-ECM and cell-cell

interactions thus seems to be a promising alternative (10).

However, to this date most bone or bone marrow models are

still focusing on the biofabrication of the scaffold and the

microenvironment and very few have tried to add cancer cells

to their model (137). Noteworthy, only a small fraction of them is

focusing on drug resistance. These models have demonstrated

that adding a chemotherapy treatment against cancer cells clearly

show the establishment of drug resistance induced by the

microenvironment (114, 115, 119, 120). This effect is not

observed in 2D or monoculture assays.

Regarding breast cancer metastases to bone, it would be

extremely helpful to create a comprehensive summary of which

cells in the bone microenvironment have an influence on cancer cell

proliferation and drug sensitivity. Compiling this summary would

require the setup of large parametric studies combining statistical

approaches of design of experiment with artificial intelligence-

driven data analysis. Having such information would allow to

create physiological-like in vitro 3D bone models that have the

best chance of mimicking accurate cell-cell interactions and identify

molecular pathways involved in drug resistance, ultimately helping

life-changing treatments to arrive quicker on the market. In

particular, these advanced models could help to observe how the

bone microenvironment is gradually skewed by cancer cells to

shield them from the effect of a given drug.

These models could also be used to test already approved drugs,

either for a different bone pathology or as a combination to tackle

breast cancer drug resistance. For instance, second line treatments

are administered when the first line has failed causing the tumor to

start its growth again due to the presence of cells fully resistant to

the first treatment (106). With this in mind, administering different

chemotherapies as a sequence or a combo before the tumor has time

to start growing back could be the future to prevent drug resistance.

Studying the onset of unknown drug resistance by testing different

treatments in a row could also be a useful technique to find ways to

counteract it. Human in vitro 3D bone models reproducing the

metastatic microenvironment would be an effective tool to perform

these studies, potentially employing patient-derived cells in the

context of personalized medicine. These models could be easily

employed for large-scale drug screenings that cannot be easily

performed with in vivo models like rodents due to higher costs,

raising ethical issues and longer experimental times. Within the

drug-discovery pipeline, using 3D in vitro bone models as a tool for

accurate large-scale drug screening before testing them in animals

could help identifying which drugs are expected to yield better
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results, thus leading to a reduction of animals needed in agreement

with the 3Rs principle [replace, reduce, refine (138)]. We thus

envision that the integration of the 3D human bone

microenvironment with high-throughput drug screening methods

would allow for a more efficient pre-clinical testing and improve the

success rate of clinical trials.

It is worth mentioning that, while 2D models can only be

ameliorated by adding additional cell types to the culture, 3D

models present a greater ability to get improved in order to more

closely resemble the organ they are mimicking. For example, while

cellular complexity seems to be essential to accurately represent

mechanisms happening between the cells of interest (e.g. cancer

cells) and their microenvironment, there can be many other ways to

improve the accuracy of the model. Incorporating a scaffold,

inorganic components present in the tissue, flow or even

mechanical or electrical simulation will make the model more

relevant. This additional level of complexity cannot be included in

conventional 2D assays. Regarding the bone, a tissue that is highly

vascularized and experiences constant compression forces,

introducing flow in a microfluidic device as well as mechanical

stimulation would be a great way to better mimic physiological

conditions. Indeed, the presence of a flow influences the behavior

of bone cells, notably by inducing the release of osteogenic factors

which influence the bone remodeling process (i.e. matrix

mineralization and collagen deposition, as well as osteoblast

proliferation) (139). A similar observation can be made when

adding a scaffold whose geometry closely mimics the one found in

human tissue units. For instance, the pattern of the scaffold can

influence the distribution of shear stress forces as well as bone cell

behavior (140). The rest of the microenvironment can also benefit

from being cultured in 3D compared to 2Dmonolayers. For example,

bone marrow adipocytes tend to adopt a more in vivo like

morphology and biochemical behavior in 3D compared to a 2D

control. Indeed, cells in a monolayer tend to be forced into a

restrictive demeanor with a forced polarity due to the presence of

altered focal adhesions. In addition, cells grown on plastic surfaces are

subject to an increased stiffness that usually leads to an improper gene

expression (141, 142), while cells cultivated on a 3D scaffold show

higher survival, differentiation as well as drug sensitivity (141).

Concluding, the field of pre-clinical assays is starting to shift

towards more accurate in vitro 3D models to predict the efficiency

of a drug. Human 3D models of the bone microenvironment have

the potential to help understanding in more depth the biological

mechanisms underlying drug resistance due to the possibility to

selectively introduce specific components (e.g. cells, matrix

proteins, growth factors) in the biofabricated model. By balancing

complexity and throughput, these systems could be designed to

perform large experimental campaigns of drug screening. On a

longer time scale, introducing patient-derived cells from biopsies of

the metastatic bone tissue would allow to create personalized

treatments based on the genetic background of the tumor and on

the response of the microenvironment. Finally, designing a tunable

microenvironment to fit the specificities of the patient (e.g.

introducing pre-existing comorbidities) could further improve the

design of patient-specific treatments.
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