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Breast cancer is the most frequently diagnosed cancer and a common cause of cancer-related death in women. It
is well recognized that obesity is associated with an enhanced risk of more aggressive breast cancer as well as
reduced patient survival. Adipose tissue is the major microenvironment of breast cancer. Obesity changes the
composition, structure, and function of adipose tissue, which is associated with inflammation and metabolic
dysfunction. Interestingly, adipose tissue is rich in ASCs/MSCs, and obesity alters the properties and functions of
these cells. As a key component of the mammary stroma, ASCs play essential roles in the breast cancer
microenvironment. The crosstalk between ASCs and breast cancer cells is multilateral and can occur both directly
through cell—cell contact and indirectly via the secretome released by ASC/MSC, which is considered to be the

main effector of their supportive, angiogenic, and immunomodulatory functions.

ASCs/MSCs obesity breast cancer tumor microenvironment
cancer-associated fibroblasts cancer-associated stem cells epithelial-mesenchymal transition

therapy resistance

| 1. Introduction

The prevalence of obesity has tripled during the last decades, posing a major challenge to the entire society and
health care systems worldwide Q2B Obesity, a condition of increased adiposity resulting from an imbalance
between food intake and energy expenditure 4, is categorized according to body mass index (BMI) =30 kg/m? [,
Obesity associates with multiple disorders, including diabetes, hypertension, and cardiovascular diseases 8. In
addition, it is characterized by an increased incidence of cancer in various organs, such as the colon, rectum,
kidney, pancreas, gallbladder, liver, thyroid, breast, ovary, and endometrium [IEIEl Obesity associates with
inflammation and metabolic dysfunction, which greatly promote cancer development. Among various adipose
tissue cell types, adipose tissue-derived mesenchymal stromal/stem cells (ASCs), belonging to mesenchymal
stromal/stem cells (MSCs), are dramatically altered during obesity progression 29, Obesity-associated ASCs are of
crucial importance, contributing to the establishment of the breast cancer microenvironment and promoting the

progression of breast cancer.

| 2. Crosstalk between ASCs and Breast Cancer Cells
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The crosstalk between ASCs and breast cancer cells can occur directly via cell-cell interaction and indirectly via
the secretome released by the cells. Cancer cells secrete numerous chemotaxis signals 11, which recruit ASCs
from local adipose tissues as well as MSCs from bone marrow into malignant tissue 12, Cancer-educated
ASCs/MSCs may differentiate into cancer-associated ASCs/MSCs or cancer-associated fibroblasts (CAFs) 131,
These ASCs/MSCs in turn promote breast cancer progression 4. In particular, the ASC/MSC secretome, which is
composed of a large number of secreted proteins, peptides and extracellular vesicles (EVSs), is considered to be

the main effector of their regenerative, tropic, trophic, angiogenic, and immunomodulatory functions.

Regarding the indirect manner, both breast cancer cells and ASCs/MSCs are potent in secreting a large number of
soluble bioactive factors 13I131, |n particular, MSCs have the ability to migrate into malignant areas and stimulate
cancer development by secreting a range of paracrine factors such as chemokines C-X-C ligand 1 (CXCL1),
CXCL2, CXCL5, CXCL7, and CXCL12/stromal-cell-derived factor 1 (SDF1); cytokines such as IL6, IL8, and
transforming growth factor B (TGFB); and growth factors including epidermal growth factor (EGF), insulin-like
growth factor 1 (IGF1), and vascular endothelial growth factor (VEGF) [L3I16II171 |t has been shown that MSCs
facilitate angiogenesis by paracrine secretion of angiogenic growth factors such as platelet-derived growth factor
(PDGF) and VEGF 16l18] Researchers' own studies also demonstrate that ASCs isolated from subcutaneous as
well as visceral adipose tissue released numerous cytokines, chemokines, and growth factors involved in
inflammation, angiogenesis, and cell migration and proliferation, such as IL6, IL8, TNFa, CXCL1/2/3, CXCL5,
monocyte chemotactic and activating factor (CCL2), and EGF 19]201[21]

Moreover, both breast cancer cells and MSC/ASC-derived EVs are essential for the crosstalk between
MSCs/ASCs and breast cancer cells 221221231 Evs are a heterogeneous group of membrane-bound vesicles
released from cells by invagination and budding. They facilitate cell-to-cell interactions via contact with neighboring
cells or internalization by recipient cells, which includes fusion with membrane and endocytosis [24. According to
the biogenesis, biophysical properties, and function, EVs can be classified into three main subtypes, namely
exosomes (30-150 nm), microvesicles (MVs) (50-1000 nm), and apoptotic blebs (1000-5000 nm) 25, Among
these EVs, exosomes and MVs are of particular importance in cell-cell communication 22!, Both of them contain
lipids, proteins, and genetic material, such as DNA, messenger RNA (mMRNA), microRNA (miRNA), and long non-
coding RNAs (IncRNA) that can be delivered to and reprogram the recipient cells 28, Studies have shown that
MSC/ASC-EVs exert both inhibitory and promoting effects in several situations and different stages of breast
cancer. Through the transfer of various tumor-related factors, EVs promote proliferation, angiogenesis, metastasis,
and drug resistance of malignant tumor cells 21281 as shown in breast cancer cells stimulated with Her2-loaded
EVs [Z. These data suggest that ASCs/MSCs may secrete molecules that act in concert with the secretome of

breast cancer cells to remodel the microenvironment.

The direct crosstalk between ASCs and breast cancer cells is strictly dependent on their close contact that is
established in the TME. Interestingly, tunneling nanotubes (TNTs) have emerged as a new important means of
cell—cell communication. TNTs are thin membrane protrusions that connect cells over long distances allowing the
exchange of various cellular components, including organelles, proteins, calcium ions, viruses, and bacteria 22,

Notably, TNTs are able to connect multiple cells forming functional cellular networks Y. TNTs are therefore
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considered as novel bridges of intercellular communication in physiological and pathological cell processes B,
Interestingly, MSCs have been shown to form TNTs and transfer mitochondria and other components to target cells
(321331341 Thjs occurs under both physiological and pathological conditions, where cells are under stress, leading to
changes in cellular energy metabolism and functions B, In this context, it is feasible to hypothesize that the
protective role of ASCs/MSCs in breast cancer cell survival may be partially mediated through the formation of

TNTs, in particular, when breast cancer cells are under stress from chemotherapy or radiotherapy.

Moreover, the activation of several signaling pathways requires direct cell—cell contact via their membrane-bound
ligands and receptors, such as the canonical Notch signaling pathway B3, Notch signaling is linked to the
maintenance of breast cancer stem cells 281 and induction of epithelial-to-mesenchymal transition (EMT) resulting
in an increase in migration and invasion of breast cancer cells 7. In fact, direct co-culture of obese ASCs

enhanced Notch signaling in ER* breast cancer cells co-responsible for radiation resistance 281,

Finally, cell—cell fusion, a process that merges the lipid bilayers of two different cells, plays a crucial role during
embryonic development as well as in tissue regeneration B2, Studies also provide evidence that cell—cell fusion
is closely related to cancer development and metastasis 41, Although this highly regulated process is not yet fully
understood, bone-marrow-derived cells were reported to be able to fuse to cancer cells, and the fused hybrids
acquired more malignant characteristics and enhanced self-renewal ability 2. In line with this observation, MSCs
were reported to fuse with diverse malignant cells to promote proliferation and metastasis, including with lung
cancer cells 43l liver cancer cells 44, and gastric cancer cells 421, In particular, it was demonstrated that MSCs
were fused with breast cancer cells and promoted their metastatic capacity 48, Recently, is has been revealed that
ASCs are able to fuse spontaneously with breast cancer cells, where breast cancer stem cell (CSC) markers
CD44*CD247/°WEpCAM* are enriched in this fused population #Z. These studies suggest cell fusion as a direct
interaction between ASCs/MSCs and cancer cells. Further investigations are needed to explore the molecular
mechanisms by which ASCs/MSCs and malignant cells are able to fuse and how this process promotes

malignancy.

In sum, as illustrated in Figure 1, the crosstalk between ASCs/MSCs and breast cancer cells is multilateral and
majorly mediated by indirect patterns such as the secretion of soluble bioactive factors and EVs released by ASCs
as well as breast cancer cells. Although observed mainly in vitro, the interaction of breast cancer cells with
ASCs/MSCs may be supported by direct cell—cell contacts including the formation of TNTs, binding of membrane-
bound ligands to receptors, and cell-cell fusion. These communications may reshape the TME and fuel breast

cancer progression and therapy resistance.
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Figure 1. Simplified model representing the crosstalk between ASCs/MSCs and breast cancer cells. The
communication between ASCs/MSCs and breast cancer cells may occur directly via cell-cell contact, namely
TNTs, cell fusion, and the binding of membrane-bound ligands to receptors, or indirectly via released soluble
bioactive factors such as cytokines, chemokines, and growth factors, and EVs including exosomes and
microvesicles. EV, extracellular vesicles; ASCs, adipose tissue-derived mesenchymal stromal/stem cells; MSCs,
mesenchymal stromal/stem cells; mMRNA, messenger RNA; miRNA, microRNA; IncRNA, long non-coding RNA;

TNTs, tunneling nanotubes.

3. Mutual Interaction between ASCs/MSCs and Breast Cancer
Cells

The communication between MSCs/ASCs and breast cancer cells has been an intensive research focus. The
related studies are mostly performed using in vitro models to investigate the effects of ASCs/MSCs or their
conditioned medium on proliferation, survival, migration, and invasion of breast cancer cell lines. Breast cancer cell
lines are classified based on the status of three important cell surface receptors conventionally used for breast
cancer subtyping, ER, PR, and HER2 [48] Most studies used the following breast cancer cell lines: low metastatic
breast cancer cell line BT474 (ER", PR*, HER2"), MCF-7 (ER", PR*, HER2") and T47D (ER", PR*, HER2),
metastatic breast cancer cell lines HCC1954 (ER™, PR™, HER2", with wild type breast cancer gene 1 (BRCAL)),
SKBR3 (ER™, PR, HER2", with wild type BRCA1), and MDA-MB-453 (ER™, PR™, HER2", with wild type BRCA1),
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and highly metastatic breast cancer cell lines MDA-MB-231 (triple negative, with wild type BRCA1), MDA-MB-468
(triple negative, with wild type BRCAL1), MDA-MB-436 (triple negative, mutated BRCA1), and SUM149 (triple
negative, mutated BRCA1) 8 Regarding ASCs/MSCs, while tumor adjacent cells 42 or “cancer-educated” MSCs
B9 were recently used, most of the studies employed ASCs/MSCs isolated from non-breast sources, including
abdominal adipose tissue, bone marrow, and peripheral blood RZ8ILABL |t js well-known that ASCS/MSCs from
different tissues and organs have distinct transcriptomic, biochemical, and secretory profiles, as well as biologic
functions in tissue-specific homeostasis, immune modulation, and vasculogenesis/angiogenesis 22, This, together
with other diversities, such as different BMI, varied donor age, variable ASC/MSC passages, and individual
experiment settings, often leads to inconclusive results with breast-cancer-supportive and -suppressive functions

[161153] \which may not reflect the situation in vivo in breast cancer tissue.

3.1. ASCs/MSCs Influence Breast Cancer and Related Molecular Mechanisms

Much attention has been paid to elucidating how ASCs/MSCs impact breast cancer cells as well as their TME
(Table 1). Although their exact roles are not yet completely understood, ASCs/MSCs are described as both pro- or
anti-tumorigenic, depending on the type and source of ASCs/MSCs, the use of breast cancer cell lines, and the in
vitro or in vivo models. The studies concerning the anti-tumorigenic impact of MSCs are limited. MSCs have been
reported to exert their negative impact on breast cancer by impairing angiogenesis via secretion of exosomes B4,
reducing migration and invasion via the release of tissue inhibitor of metalloproteinase (TIMPs) B2l and decreasing
breast tumor growth via down regulation of the STAT3 signaling pathway 28, Nevertheless, the majority of studies
report pro-tumorigenic effects of ASCs/MSCs on breast cancer cells, which are multilayered, as depicted in Table

1. The related molecular mechanisms are discussed in detail.

Table 1. Functional alterations of breast cancer cells induced by ASCs/MSCs.

ASCIMSC SourceStudy Design  Functions and Molecular Mechanisms Ref.

Breast cancer promoting effects of ASCsIMSCs derived from human tissues

::rri’r\]/zg ?;ir(ris MCF7, MDA-MB-  Direct co-culture of ASCs promoted proliferation of BC cells

visceral and 231 BC with an upregulation of AURKA, PLK1, BCL6, IL6, and IL8, [19]
cell lines and whereas indirect co-culture led to EMT of BC cells via STAT3

subcutaneous

. : MCF10A in vitro and ERK signaling.
adipose tissue

Human ASCs MCF7 and Supernatant of ASCs increased BC cell proliferation and
obtained from BT474 BC cell radiotherapy resistance by IGF1 secretion. BC cells 57]
ATCC lines in vitro overexpressed IGF1R upon radiotherapy.

Zlnc(;w’ T47D, BM-MSC supernatant increased proliferation of BC cells
Human BM- SK-Br-3 BC cell independent of IL6 and VEGF, but both signaling proteins (58]
MSCs . stimulated migration by the activation of MAPK, AKT, and p38

lines

o MAPK.

in vitro
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ASC/MSC SourceStudy Design

Human BC-
derived MSCs

Human MSCs
from primary BC
tissue

Human ASCs
from adipose
tissues

Human MSCs
from
supraclavicular
lymph node (LN-
MSCs) and liver
(Lv-MSCs)

MCF7 BC cell
line in vitro

Co-
transplantation
BC

xenograft mouse
model

of MCF7 and
MSCs in vivo
and in vitro

MCF-7, BT-474,
T-47D, and 4T1
BC cell lines in
vitro

and in vivo

MDA-MB-231, —
436, —468, MCF7
BC cell lines, and
MCF10A cells in
vitro

and in vivo

Functions and Molecular Mechanisms

Mammary MSCs increased proliferation and cisplatin
resistance of MCF7 cells by triggering the IL6/STAT3 pathway.

Mammary MSCs promoted BC proliferation and mammosphere
formation via EGF/EGFR/AKT signaling.

PDGF-D secreted by ASCs stimulated tumor growth in vivo,
mammaosphere formation in vitro, and EMT in BC cells.

The engulfment of MSCs by BC cells increased the gene
expression of WNT5A, MSR1, ELMO1, IL1IRL2, ZPLD1,

and SIRPBI1. This further increased BC cell migration,
invasion, and mammosphere formation in vitro and the tumor

metastasis in vivo.

Ref.

[59]

[60]

Egrrr??gc?aslgf MCE7 BC cell ASCs co-cultured with MCF7 stimulated EMT in BC cells. The
data also suggest that EMT was induced by the cross- [63]

gbdommal line in vitro interactions with the TGFB/Smad and PI3K/AKT pathways.
liposuction

Human ASCs MCF7 and

isolated from SAT SUM149 BC cell

via bariatric Both ASCs subtypes suppressed the cytotoxicity of cisplatin

lines in vitro, and

surgery, and and paclitaxel. Depletion of ASCs by D-CAN, a proapoptotic

mammary ASCs o:’:;g:]op; 4T1 peptide targeting specific ASCs, reduced spontaneous BC lung [64]
from g . g metastases in a mouse allograft model and a BC xenograft
cells into the . L .
subcutaneous model, when combined with cisplatin treatment.
breast mammgry fat
preadipocytes pad in vivo
Human ASCs Breast tissue and  ASCs isolated from breast cancer patients displayed elevated [65]
isolated from BC tissue levels of IL10 and TGF[1, and the supernatant stimulated the
breast adipose samples in vitro expression of IL4, TGFB1, IL10, CCR4, and CD25 in PBLs.

tissues of breast
cancer patients
and normal
individuals
underwent
cosmetic

https://encyclopedia.pub/entry/26489 6/24



Adipose Tissue-Derived Mesenchymal Stromal/Stem Cells and Breast Cancer | Encyclopedia.pub

ASC/MSC SourceStudy Design

mammoplasty
surgery

Human ASCs
isolated from
breast tumor (T-
MSC) and normal
breast adipose
tissue (N-MSC)

Human ASCs
isolated from
normal breast
adipose tissue
(nASCs) or that of
a woman with
breast cancer
(CASCs)

Human ASCs
isolated from the
breast adipose
tissue of
reduction
mammoplasty
patients with
different BMI

Human primary
subcutaneous
pre-adipocytes
(pre-hASCs,
Lonza)

Breast tissue and
BC tissue
samples in vitro,
PBLs in vitro

Breast tissue and
BC tissue
samples in vitro,
B cells and Tregs
in vitro

MCF7 and
SUM159PT BC
cell lines and
HMEC breast
cell line in vitro

MCF7, T47D,
ZR-75-1, SK-BR-
3 BC cell lines
and murine 3T3-
L1 pre-
adipocytes in
vitro

Functions and Molecular Mechanisms Ref.

The TME altered the secretome of T-MSCs with increased

secretion of TGFB, PGE2, IDO, VEGF, and lowered secretion [66]
of MMP2/9 compared to N-MSCs. T-MSCs also stimulated the
proliferation of PBLs.

nASCs reduced proliferation of B cells in direct co-culture, and

the TNFa*/IL10* B cells ratio decreased in all co-cultures with

ASCs, to a barely significantly higher extent in cASCs. nASCs (671
shifted the cytokine profile of B cells toward an anti-

inflammatory profile.

Supernatant of all analyzed ASCs stimulated proliferation,

migration, and invasion of breast cancer cells and increased

the number of lipid droplets in their cytoplasm. This was
mechanistically associated with the upregulated expression of [68]
the fatty acid receptor CD36, presenting the capacity of ASCs

to induce metabolic reprogramming via CD36-mediated fatty

acid uptake.

Conditioned medium of ASCs stimulated proliferation and
migration of MCF7, T47D, SK-BR-3, and ZR-75-1 cells.
Additionally, supernatant of ASCs upregulated the expression
of S100A7 and its knockdown abrogated the tumorigenic effect
of ASCs on the tested breast cancer cells.

[69]

Breast cancer promoting effects of ASCs/IMSCs derived from murine tissue

Murine MSCs
derived from
spontaneous
lymphomas,
mouse bone
marrow, and
mouse ears

Murine BM-MSCs
and MSCs
isolated from
murine lung
cancers

Syngeneic tumor
transplantation
mouse model in
Vivo

4T1 BC mouse
model
in vivo

TNFa dependent monocyte/macrophage recruitment led to

increased tumor volume upon co-injection with MSCs, [70]
associated with CCR2 dependent immunosuppression of

neutrophils, monocytes, and macrophages.

BM-MSCs and MSCs from lung cancers were able to recruit
CXCR2* neutrophils into the tumor by TNFa via activation of [zl
CXCL1, CXCL2, and CXCL5 and promoted tumor metastasis.
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ASC/MSC SourceStudy Design

Murine BM-MSCs

Murine and
human BM-MSCs

Murine ASCs
isolated from
abdominal cavity

Human ASCs
isolated from
breast cancer
tissue of lean and
obese patients

Human lean and
obese ASCs
isolated from
abdominal lipo-
aspirates of
subcutaneous
adipose tissue

Human lean (In)
and obese (ob)
ASCs from
abdominal lipo-
aspirates of
subcutaneous
adipose tissue

Human and
murine ASCs
isolated from
lean and obese
individuals

Murine
mammary cancer
cell lines PyMT-
Luc, 17LC3-Luc
and LLC in vitro

4T1 BC mouse
model

in vivo and in
vitro

4T1 BC mouse
cell line in vitro
and CT26 murine
colon cancer cell
line

in vitro

Functions and Molecular Mechanisms

Secretion of CXCL5 by BM-MSCs increased, but without
significance, while proliferation of murine BC cell lines was
unchanged, whereas CXCL1 and CXCL5 promoted BC cell
migration.

Both types of BM-MSCs stimulated 4T1 BC cell proliferation in
vivo and in vitro upon direct cell—cell contact. BM-MSCs also
promoted vessel formation of HUVECs in vitro and in vivo in
DU145 tumors via TGFf, VEGF, and IL6 release.

Co-culture of ASCs induced stemcellrelated genes in cancer
cells such as SOX2, NANOG, ALDH1, and ABCG2. ASCs
accelerated tumor growth. Secretion of IL6 regulated
stemcellrelated genes and activated JAK2/STAT3 in murine
cancer cells.

Breast cancer promoting effects of obese ASCs/IMSCs

Human BC
patient-derived
xenograft cells in
Vivo

MCF7, ZR75, or
T47D BC

cell lines in vitro
and

MCF7 xenograft
mouse model in
Vivo

MCF7 and MDA-
MB-231

BC cell lines in
vitro

Tumor and
stromal cell
transplantation in
a mammary
mouse xenograft
model in vivo
and MCF7

Adipsin secreted by obese ASCs stimulated factor B and C3a,
which induced BC proliferation and expression of CSC
genes CD44, CXCR4, SNAI2, SNAI1, ZEB1, and BMI1.

Leptin secreted from obese ASCs enhanced BC proliferation
and increased the expression of EMT and metastasis-related
genes such as Serpinel, MMP2, and IL6.

Increased proliferation of BC cells by leptin expression via
estrogen stimulation and increased protein levels of CDKN2A,
GSTP1, PGR, and ESR1 in BC cells co-cultured with ob-ASCs.

Obese ASCs secreted higher levels of IGF1, promoting tumor
growth and metastasis, which could be partially ameliorated by
weight loss.

Ref.

[74]
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ASCI/MSC SourceStudy Design  Functions and Molecular Mechanisms Ref.

BC cell line in

vitro

BT20, MDA-MB-
Human lean and 231, MDA-MB- Obesity increased the tumorigenic capacity of ASCs indicated
obese ASCs from 468, MCF7, and . .
abdominal HCC1806 BC by increased EMT genes Serpinel, SNAI2,
. . . L and TWIST1. This effect was likely mediated via ]
lipoaspirates of cell lines in vitro o ) .

. leptin, since its knockdown led to reduced pro-metastatic
subcutaneous and patient-
. . . effects of obese ASCs.

adipose tissue derived xenograft

mouse model
Human ASCs Obese ASCs induced a cancer-stem-like phenotype in BC cells
isolated from with elevated gene expression
lipoaspirate of MCF7, T47D, .
SUbCULANEOUS and ZR-75 BC of I\_Iotch_l, Notch3, DLL1, and JAG2. This led to [38] >ptin, IL6,
adipose tissue cell lines in vitro radioresistance .
from lean and and reduced oxidative stress after radiation in cd2adRYEHSI7E] particular,
obese patients. cells mediated by leptin. [83] arestingly,
; I g or 84 L6

uman lean an
obese ASCs ?5’?;;}“28231 BC Obese ASCs activated BC cell migration more effectively kinase B
derived from and MCE10AT1 compared to lean ASCs by direct co-culture. Obese ASCs had (801 and triple
mammary in vitro @]@® increased potential for ECM remodeling. )
adipose tissue / adipose
)se tissue

Human ean and The known CABBH8arkers NG2, ACTA2, VEGF, th obesity
obese ASCs from .

. FAP, and FSP were elevated in obese ASCs. Obese ASCs .
abdominal MCF7 BC cell o . . g1y Ilate their
linoaspirates of line in vitro were more potent in inducing the gene expression of pro-
sﬂbcu?aneous tumorigenic factors in BC cells including Serpinl, CCL5, TARC 1 CXCLS5,

. . L17), IL24, IL6, IGFI ] j leptin.
adipose tissue (CCL17), , IL6, IGFBR$;gdiponectin, and leptin al to or
MCF7 BC cell feedback
Human lean and line in vitro and The increased tumor growth rate obsenfdobese-ASCs- on, ASCs
obese ASCs patient-derived enriched PDX tumors was leptin dependent. The increased ion of low
isolated from mammary metastatic capacity was leptin independent and was (82] _
elective xenograft (PDX) fated with increased gene expression s multiple
liposuction mouse model in of Serpinel and ABCB1 in tumor cells. sed in cell
Vivo
e C-Fos

(FOS), transcription factor AP-1 subunit jun (JUN), and transcription factor AP-1 subunit JunB (JUNB) B4, Adipsin
is another adipokine upregulated in ASCs derived from obese patients, which stimulates the cell surface receptor
complement C3a receptor 1 (C3aR) and the cleavage of factor B, leading to proliferation of breast cancer cells 2!,
MPERVBH SIS 4y G5 a 8RR UPRIPr Afthiad dnaeGERY Ml IFNB BRI, Slls sMFERdBFSREElYMalcaiemalsigr;
eahReBMIM G SreboNEBRTRRARS A HITTRAMY BRIGHICRAIRIRE HeYspHbMhodMaEes M Le MKk pRIDENRLEK
PYRRAGREIY PRYHGIREIEANRE crgrslieARfss: (BIRATS signahijaeitrtictal FieyoShid arswiRtiatior (BBK)
fodracalbyaissi InHiERo AL iBasEy 'Sfok Mstdins s aiam Aase, HufRfol Bodasylirdike qronddeiRbrl FGReRH:
¥ietin Karssiamengorin! igranpf el o rMieLst BilRas capivVaLedrRiRieinckines; tble ERIRIBr HitBES Pnfokid
ENVIBEHRG RQVERIMAFBHteRRITRanBPils el R0 (AL o FPEPRIRIasE BXrIcd? [oalate gt defifch, JARME/NREQ ok
YUNABR orinBlRsEfiniG 9 Rsk RibodRTIr TRAOPRRGS: SEMYHIBSEERARIGT (BPERafie Ml sRguitneRtr ot sel

motility protein 1; IL1RL2, interleukin 1 receptor like 2; AURKA, Aurora kinase A; PLK1, Polo-like kinase 1; BCLS6,
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Bt chitfelyenphatona36; (SAB63 U hdatiy ecids radiuise, teaieg GDEN Ry eystid-depdedtionkiaes&8hiubitee ApreGBaRN
gfuBdtbinelBitrahisfdiagrdtekBER involvediiire)| casketeysiatiami®. Bvorembesy iynZétbDd szohes pkEostiide
tmnhamrcentedlingré; aBIRRB&dsigalAB QMBS spretsiftinmeia- i BGERd tgemsfaandngrajedwex feetsiorp 28 i
sippessornvatimodness agimiiaieaapdritep ledéa fenofytumeoniprg rRd3iKg pyoshinein csitid ea8-KiGh se (TR S, SHIF-naotd
Bl BRIFE! recepogespBiB Lfaptip el bing AV @ Phacgiesoiékitis, nEdk geaiiopiote@asd; REE Xepatsaolendiroth
faxorigdeIEpRHE 238 p aygle BAE it Eers tsnubr aseTEER, fAateletddEMEL §yoBAK-Catootd (REXGEKDYE dgdrsiefn
EtIMBECphBER)URHREN e iMhermio thetkia s telih gBD4dg ghstténat AREstMBGe npddmBNAprolit dtionilatrdrsenpiainaf
bep eest sTam C2E Bél| sAdycr dlegsin & diver derinl meyc thanietioxs g cBhtjnjodyrionassigimaling BaERyaygesterone receptor;
ESR1, estrogen receptor 1; ob, obese; In, lean; DLL1, delta-like canonical Botch ligand 1; JAG2, jagged canonical

RrByeast Caneen Gells Educate ASGsiMSGsand RelatedsMalecular Mechanisms

While ASCs/MSCs influence breast cancer cells, numerous investigations show that breast cancer as well as its
TME “educate” their surrounding cells, including fibroblasts (FBs) and ASCs/MSCs, toward pro-tumorigenic
phenotypes 2% The most precisely characterized cells are FBs. As depicted in Table 2, multiple cancer-
associated fibroblast (CAF) phenotypes have been identified during the last decade as key components of the TME
with implications in tumor growth, therapy resistance, metastasis, ECM remodeling, and immune tolerance [102I103]
[104] |nterestingly, ASCs/IMSCs are morphologically indistinguishable from fibroblasts. These two cell types share
many common features including their surface marker composition, proliferation pattern, differentiation capacity,
immunomodulation property, and, to some extent, even their gene expression profiles 1951106l The major
difference between these two cell types seems to be their methylation profile. While the general methylation
patterns of MCSs are maintained in long-term culture and aging 194 the methylation of fibroblasts seems to
decrease with aging or prolonged culture 198 |ndeed, ASCs/MSCs have been proposed to be immature FBs and

one of the sources for FBs [193],

Recently, increasing evidence highlights that ASCs/MSCs are educated and de-differentiated by cancer cells and
the TME, fueling malignancy and therapy resistance 1991101 Cancer-cell-secreted factors and direct cancer cell-
ASC/MSC contacts induce a pro-tumorigenic population of ASCs/MSCs, named cancer-associated MSCs (CA-
MSCs) 28] CA-MSCs have the ability to differentiate into multiple cell lineages, such as fibroblasts and adipocytes,
suggesting that MSCs may play a key role in the generation of most stromal components of the TME. A number of
reports have demonstrated that CA-MSCs differentiate into CAFs and cancer-associated adipocytes (CAAS) in the
presence of malignant cells AL \While the exact mechanisms underlying the de-differentiation of CA-MSC are
not yet clear, this switch resulted in a highly secretory phenotype with increased secretion of bone morphogenetic
protein (BMP2), BMP4, and IL6 112 In line with this observation, there was evidence suggesting that cancer-
released TGFB was able to activate the Smad signaling pathway in MSCs, which drove differentiation into a
cancer-associated phenotype 1131, |n other tumor entities, including lymphomas 9, lung (1141 and gastric cancer
(115][116] .6, L8, IL17, IL23, and TNFa secreted by monocytes, macrophages, neutrophils, and non-MSC stromal
cells were shown to be capable of promoting malignant transition of ASCs/MSCs, which was associated with
significantly increased metastatic rates and tumor growth [QLIONLI4]115][116]  Other molecular mechanisms
proposed for CAF activation include Notch/Eph-ephrin signaling, ECM composition in the TME, DNA damage,

physiological stress, inflammatory stimuli, RTK ligands, and TGFB-mediated signaling 122, Moreover, the primary
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cilium, a sensory organelle with an exceptionally high receptor density 117, was shown to play a critical role in the

de-differentiation process of adipose progenitors toward a CAF phenotype by mediating TGFB signaling 218!, All

these studies suggest that diverse pathways are responsible for the activation of CAFs, and the TME is likely the

major player in triggering the de-differentiation of ASCs/MSCs into different CAFs, depending on their cellular

context and the tumor entity.

Fibroblast/CAF
Source

FBs and CAFs
isolated from surgical
explantation and
human BM-MSCs
obtained from AOU
Meyer Hospital
(Florence)

Pancreatic ductal
adenocarcinoma
(PDAC) tissue

Murine normal
pancreatic and cancer
tissue

Human and murine
PDAC resection
specimens and
normal pancreas
tissue

Human breast and BC
tissue

Table 2. Subtypes of CAFs in different cancer entities.

Study Design

Functions and Molecular Mechanisms

Impact of cancer cells on the fibroblast phenotype

Co-culture experiments

with FBs, CAFs, and BM-

MSCs with PC3, DU145,
and LNCaP prostate
cancer cell lines in vitro

Single-cell RNA
sequencing to
characterize CAF
subpopulations in PDAC

Single-cell RNA
sequencing to
characterize CAF
subpopulations (normal
VS. pancreatic cancer
tissue)

Single-cell RNA
sequencing to
characterize CAF
subpopulations (human
and murine)

Single-cell RNA
sequencing to

Prostate cancer cells secreted TGFB1 and
recruited BM-MSCs into the TME. This in turn
led to an elevated secretion of TGFf1 in cancer-
educated BM-MSCs. Blocking TGFf1 reduced
the recruitment of BM-MSCs into the tumor as
well as their trans-differentiation.

The analysis revealed intertumoral heterogeneity

between CAFs, ductal cancer cells, and immune
cells in extremely dense and loose types of
PDACSs. A highly metabolic active subtype

(meCAFs) was identified. Patients with abundant

meCAFs had a significantly increased risk for
metastasis and poor prognosis. These patients,

however, showed a highly increased response to

immunotherapy.

The analysis revealed a landscape of CAFs in
pancreatic cancer during in vivo tumor
development. The LRRC15* CAF lineage was
shown to be TGFB-dependent and correlated
with a poor patient outcome treated with
immunotherapy in multiple solid tumor entities.

The analysis from neoplastic and TME of human
and mouse PDAC tumors displayed already
described myCAFs and iCAFs with distinct gene
expression profiles. It further revealed a novel
subtype that expressed MHC class Il and CD74
called “antigen-presenting CAFS (apCAFs)”.
These cells activated antigen-specific CD4* T
cells. These immunomodulatory CAFs were
likely associated with a reduced immune
response of PDAC tumors.

The analysis identified different CAF
subpopulations in BC tissue. CAF-S1 (CD29,

Ref.
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119

120
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122
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Fibroblast/CAF
Source

Human BC tissue and
metastatic lymph
nodes tissue (LN)

Murine BC tissue and
normal mammary fat
pad tissue

Murine and human
BC tissue and normal
mammary fat pad
tissue

Normal breast, BC
tissue samples, and
metastatic lymph
nodes obtained from
surgery

Study Design

characterize CAF
subpopulations (normal
vs. BC tissue)

Single-cell RNA
sequencing to
characterize CAF
subpopulations (BC and
LN tissue) and co-culture
experiments with MCF7,
MDA-MB-231, and T47D

Single-cell RNA
sequencing to
characterize CAF
subpopulations (BC
compared to pancreatic
cancer tissue)

Single-cell RNA
sequencing to
characterize CAF
subpopulations (murine,
human BC tissue vs.
normal mammary fat pad
tissue) and co-culture
experiments with human
MDA-MB-231 as well as
murine 4T1 and EO771.

Comparison of multiple
genome transcriptomic
RNA sequencings

Functions and Molecular Mechanisms

FAP, a-SMA, PDGFRp, FSP1, and CXCL12)
was analyzed in detail. These cells induced an
immunosuppressive TME by retaining
CD4*CD25" T cells through the signaling of
OX40L, PD-L2, and JAM2, and increased
CD25"FOXP3" T lymphocytes, and B7H3,
DPP4, and CD73 signaling.

The analysis identified four CAF subpopulations
in LN. Two had a myCAF gene expression
pattern, CAF-S1 and CAF-S4, accumulated in
LN and correlated with cancer cell invasion.
CAF-S1 stimulated cancer cell migration by
stimulating EMT, through CXCL12 and TGFf3
signaling. CAF-S4 induced cancer cell invasion
through Notch signaling. Patients with a high
ratio of CAF-S4 cells were prone to develop late
distant metastases.

The study identified six CAF subpopulations in a
triple-negative syngeneic breast cancer mouse
model. Among these six subpopulations,
myCAFs, iCAFs, and apCAFs were found to
exist in BC cancers and PDAC. The subtype
expressing MHC class Il proteins similar to
apCAFs were also found in normal
breast/pancreas tissues, indicating that this
specific subtype is not TME induced. The
comparison to a pancreatic tumor model
suggested that similar phenotypes exist in both
cancer entities without a TME-specific subtype.

A negative selection strategy was used to
analyze 768 single-cell RNA sequencing
transcriptome data of mesenchymal cells in a
BC mouse model. In this approach, three distinct
CAF subpopulations were defined. These
populations were named “vascular’-CAFs,
“matrix”-CAFs and “development™CAFs. The
found gene signatures were further verified on
the transcriptional and protein levels in various
experimental cancers. Human tumors and every
CAF gene profile were correlated with distinctive
molecular functions.

These approaches revealed that most of the
described cancer hallmark signaling pathways
were significantly upregulated in triple-negative
breast cancer with a highly enriched CAF
population. BGN, a soluble secreted protein,

Ref.
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Fibroblast/CAF

Source Study Design Functions and Molecular Mechanisms Ref.
was upregulated in CAFs compared to normal
cancer-adjacent fibroblasts (NAFs). The
expression was negatively associated with
CD8" T cells and poor prognostic outcomes.
iCAF identified ' k » M3
Single-cell RNA ICAFs were i enti ied as poor progcostlc marker 1975 to
. . with potent pro-proliferation capacities, and their
Human primary sequencing to . S
. . immunoregulatory function in the TME of bladder
bladder tumor tissues  characterize CAF . + [127]
. . cancer was further deciphered. The LAMP3
and adjacent normal subpopulations (bladder . . .
. . dendritic cell subgroup might be able to recruit
mucosae tissues cancer tissue vs. normal .
. regulatory T cells, which could be a step toward
mucosae tissue) . :
an immunosuppressive TME.
QLT VCTIID, \J.MA\., M\UulI IQUCL'IVIGI LicL, A., vallinuv-rLalvu, n.ivi., ©L al. n\iolii Ig rulai UUU_Y'I 1HnHaso |ndeX |S

the main driver of the global obesity epidemic in adults. Nature 2019, 569, 260—-264.
Abbrewa‘uons FB, fibroblast; BC breast cancer; CAF, cancer-associated fibroblast; apCAF antlgen presentmg
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