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Abstract

The interaction between tumor cells and non-malignant hosts cells within the tumor microenvironment (TME) is critical to the pathophysiology
of cancer. These non-malignant host cells, consisting of a variety of stromal, immune, and endothelial cells, engage in a complex bidirectional
crosstalk with the malignant tumor cells. Mesenchymal stem/stromal cells (MSCs) are one of these host cells, and they play a critical role in
directing the formation and function of the entire TME. These MSCs are epigenetically reprogrammed by cancer cells to assume a strongly pro-
tumorigenic phenotype and are referred to as carcinoma-associated mesenchymal stem/stromal cells (CA-MSCs). Studies over the last decade
demonstrate that CA-MSCs not only directly interact with cancer cells to promote tumor growth and metastasis but also orchestrate the for-
mation of the TME. Carcinoma-associated mesenchymal stem/stromal cells can differentiate into virtually all stromal sub-lineages present in
the TME, including pro-tumorigenic cancerassociated fibroblasts (CAF), myofibroblasts, and adipocytes. carcinoma-associated mesenchymal
stem/stromal cells and the CAFs they produce, secrete much of the extracellular matrix in the TME. Furthermore, CA-MSC secreted factors
promote angiogenesis, and recruit immunosuppressive myeloid cells effectively driving tumor immune exclusion. Thus CA-MSCs impact
nearly every aspect of the TME. Despite their influence on cancer biology, as CA-MSCs represent a heterogenous population without a single
definitive marker, significant confusion remains regarding the origin and proper identification CA-MSCs. This review will focus on the impact
of CA-MSCs on cancer progression and metastasis and the ongoing work on CA-MSC identification, nomenclature and mechanism of action.
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Significance Statement

This review focuses on the role of mesenchymal stem cells in the formation of the tumor microenvrionment. \We highlight known tumor
supportive functions as well as areas which require further research. Collectively, this provides a comprehensive state-of-the-science
review of mesenchymal stem cells in cancer.

Introduction populations within the tumor microenvironment (TME).
The Tumor Microenvironment and Mesenchymal Research from the past 2 plus decades clearly demonstrates
Stem Cells that the TME is not a passive backdrop, but rather an ac-
tive “organ” consisting of a complex network of stromal,
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roughout the course of neoplasia, tumor cells Interact immune, and endothelial cells that interact both directly and

extensively with the surrounding non-malignant cell
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indirectly with the tumor to influence disease progression and
clinical outcomes.! The TME has been implicated in a wide
variety of tumor supporting functions including mediating
therapeutic resistance, escape from the host immune response
and promotion of metastasis."” In addition to the cellular
populations, the TME contains non-cellular components such
as the extracellular matrix (ECM) and soluble factors which
are also critical to cancer biology.?

Mesenchymal stem/stromal cells (MSCs) are multipotent
stromal progenitor cells that reside within the stromal
TME and play an important role in formation and func-
tion of the tumor supportive TME. Mesenchymal stem/
stromal cells were first identified in bone marrow but have
since been shown to reside in almost all adult tissues in-
cluding adipose, liver, kidney, lung, brain and ovary tissues,
amongst others..* These stromal progenitors possess the ca-
pacity to differentiate into most stromal lineages, including
adipocytes, chondrocytes, osteoblasts, fibroblasts, and
myofibroblasts.*’ In healthy tissues, MSCs play a critical
role in wound healing and immune modulation.** Within
the bone marrow niche, MSCs play an important role in
hematopoietic stem cell maintenance and lineage determi-
nation via secreted factors as well as contributing to the
architecture of the niche.”

In malignancy, MSCs make up a relatively small propor-
tion of the TME with studies reporting they account for
0.01-5% of the total cellular population; however, this is
highly disease and organ specific.®'° Nonetheless, given the
capacity for differentiation, MSCs can magnify their impact
by directly altering the stromal composition of the TME and
influencing the behavior of their progeny (Fig. 1). Indeed,
MSCs play a fundamental role in tumor development and
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metastasis through direct interactions with tumor cells
and through interactions with other TME components.!!
Our group and others have shown that MSCs that reside
within tumor tissue, compared with MSCs from healthy
tissues, have a unique expression profile and are highly pro-
tumorigenic.'>"® We have termed these tumor-associated
MSCs as “carcinoma-associated mesenchymal stem cells”
(CA-MSCs). Understanding the origin and functions of
CA-MSCs is critical to understanding disease progres-
sion and represents a potential target for novel therapeutic
interventions.

Origin of CA-MSCs

Functional Heterogeneity of MSC Populations Drive
Contradictory Phenotypes

Much debate has occurred over the ability of MSCs to
demonstrate both pro- and anti-tumorigenic phenotypes.
The duality of MSCs in cancer is more thoroughly
reviewed elsewhere.''> Mesenchymal stem/stromal cells
represent a heterogenous population of cells with dis-
tinct expression profiles based on tissue of origin as well
as sub-populations within tissues which show distinct dif-
ferentiation potentials.!®!® Indeed, this heterogeneity likely
contributes to the seemingly contradictory phenotypes
observed. As shown below, critical to the development of a
CA-MSC from naive MSCs is both the MSC tissue source
and tumor type.

Distinguishing CA-MSC from MSC

Understanding the origins of CA-MSCs and their mechanisms
of action within the TME first requires the ability to properly
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Figure 1. Mesenchymal stem/stromal cells (MSCs) can differentiate into several lineages which make up the stromal tumor microenvironment (TME).
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identify and distinguish MSCs and CA-MSCs. Mesenchymal
stem/stromal cells were originally identified as a second stem
cell population (in addition to previously defined hemato-
poietic stem cells) within the bone marrow. Mesenchymal
stem/stromal cells were defined by their ability to differ-
entiate into osteocytes, adipocytes, and chondrocytes.?”
Since their original isolation by Friedenstein in the 1970s,
there has been much debate over the proper nomenclature,
stemness, and identification of MSCs.?° The International
Society for Cellular Therapy (ISCT) published minimal
criteria for MSC identification in 2006 based on 3 tenants:
(1) plastic adherence, (2) expression or lack of expression of
multiple surface antigens, and (3) trilineage differentiation
into adipocytes, osteoblasts, and chondroblasts.' While the
ISCT definition and its update published in 2019 has helped
somewhat standardize the definition of MSCs; however, the
lack of a single marker is one of the largest hinderances to
elucidating the role of MSCs in biological processes, in-
cluding cancer.?!

Numerous studies have shown that CA-MSCs have a dis-
tinct RNA expression profile;'3?>?* however, using RNA-
sequencing to distinguish CA-MSCs from MSCs or other
stromal components is impractical and costly. Carcinoma-
associated mesenchymal stem/stromal cells fit the same ISCT
criteria for MSCs, making delineation based on these criteria
impossible. Additionally, the CA-MSC phenotype does not
arise through the acquisition of genetic mutations thus recur-
rent mutations cannot be used to distinguish CA-MSCs from
MSCs.? Further, MSCs demonstrate significant heterogeneity
based on their tissue source.”® While several newly identified
candidate markers have been proposed for better identifica-
tion of various tissue-derived MSC subpopulations, there still
remains a critical lack of markers for CA-MSC identifica-
tion.?® Given the large degree of heterogeneity, the likelihood
of identifying a single marker specific to CA-MSCs may be
impossible.

In order to address this major hurdle, Coffman et al re-
cently developed a novel algorithm based on transcrip-
tional differences between CA-MSCs and normal MSCs.
Transcriptional profiling of MSCs isolated from ovarian
cancer and normal ovarian and omental tissue was used
to create a unique algorithm which can accurately distin-
guish CA-MSC from MSC, as well as CA-MSC/MSC from
other TME components such as CAFs."® This algorithm is
able to correctly classify pancreatic and endometrial cancer
CA-MSCs, suggesting potentially broader applicability.'?
Classifier scores and the tumor supportive phenotype were
observed in CA-MSCs after multiple passages (cells were used
up to passage 8) removed from the influence of the tumor,
suggesting that the CA-MSC phenotype may be stable. This
is consistent with the subsequent finding that epigenetic
reprogramming drives the formation of a CA-MSC, leading
to a durable phenotype.’

Carcinoma-Associated Mesenchymal Stem/Stromal
Cell Origins: Local reprogrammed or Recruited
Populations?

While the influence of CA-MSCs on the tumor and TME
has been established, the fundamental question regarding
the origin of these tumor supporting cells is less clear. The
first reports of CA-MSC populations focused on naive MSCs
recruited toward the tumor site.*?” Mesenchymal stem/
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stromal cells are highly migratory and display a remarkable
tropism towards sites of inflammation, representative of their
traditionally ascribed role in wound healing.*® Tumors have
been long thought of as “wounds that do not heal” and se-
crete numerous chemokines that can recruit MSCs, such
as CC-chemokine ligand 2 (CCL2), CCLS, CXCL12, and
CXCL16.27%° Using both syngeneic and xenograft models of
breast cancer, systemically delivered luciferase tagged MSCs
were found to colocalize at tumor sites.® Similar colocalization
was observed in a xenograft mouse model of human glioma
as well as melanoma.3"-%

While the migratory MSC population cannot be dis-
counted, emerging evidence suggests that resident MSCs
are the more likely source of CA-MSCs (Fig. 2). Tissue
resident MSCs are reprogrammed early on during tumor-
igenesis by interactions with both the tumor cells and the
local environment, giving rise to CA-MSCs which help pro-
mote tumor growth as well as develop the mature TME (see
below).132233 Given that MSCs inhabit most of the tissues
within the body and given their local proximity to the de-
veloping tumor, these MSC populations most likely repre-
sent the first populations of CA-MSCs to occupy the TME
and support early tumor development.!® Later recruitment
of migratory MSCs is likely, as the developing TME becomes
more inflammatory.?*

The mechanisms that drive the development of the
CA-MSC phenotype have largely remained elusive. Initial
studies focused on bone marrow-derived MSCs identified
several paracrine signaling mechanisms that promote the
pro-tumorigenic CA-MSC phenotype. Naive bone marrow
mesenchymal stem cells (BM-MSCs) from a healthy donor
cultured in tumor cell conditioned media or patient-derived
ascites demonstrated increased expression of genes associ-
ated with tumor growth, metastasis and angiogenesis and
functionally increased tumor cell resistance to carboplatin.?
The secretome from the invasive breast cancer cell line
MDA-WT was shown to induce global changes in the
transcriptome of naive BM-MSC; resulting in changes to
pathways related to immune modulation and angiogenesis
and these tumor conditioned MSCs demonstrated enhance
macrophage activation.® In a lymphoma model, TNFa stim-
ulation was also shown to induce a CA-MSC phenotype in
naive BM-MSCs.33

Interestingly, while paracrine signaling is important to MSC
reprogramming, it may only partially drive the conversion to
a stable CA-MSC phenotype. Using the CA-MSC classifier,
we demonstrated that ovary and omental-derived MSCs indi-
rectly cocultured with ovarian tumor cells only resulted in a
partial conversion to a CA-MSC.'? The combination of direct
tumor cell and MSC culture under hypoxic conditions was
necessary for full CA-MSC conversion."”? Hypoxia-related
pathways have also been implicated in studies of CA-MSC
formation in hepatocellular carcinoma.’® Thus, indirect and
direct tumor stimulation in the setting of critical environ-
mental factors such as hypoxia appear to drive the conversion
of MSCs to CA-MSCs.

There is also some evidence suggesting CA-MSCs them-
selves can convert naive MSCs into tumor-promoting
CA-MSCs. Local resident lymphoma CA-MSCs were found
to reprogram naive BM-MSCs to adopt a CA-MSC pheno-
type independent of tumor cells. This appears to be driven by
direct contact, but soluble factors were shown to partially in-
duce naive MSCs to develop CCL-2 expression characteristic
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Figure 2. Carcinoma-associated mesenchymal stem cells (CA-MSCs) are reprogrammed from naive MSCs and have several tumor supporting functions.

of CA-MSCs.”? However, contextually this work explored
the ability of this mechanism to promote tumor growth via
CCR2-mediated macrophage recruitment and further explo-
ration of this mechanism is required.

It is important to note that the conversion of an MSC to a
CA-MSC appears to be disease and tissue source dependent.
Ovarian cancer is capable of converting normal MSCs de-
rived from the omentum or ovary into cancer supportive
CA-MSCs; however, BM-MSCs are resistant to this con-
version while breast cancer cells readily convert BM-MSCs
into breast cancer supportive MSCs.!? Consistent with
this, ovarian cancer almost universally metastasizes to the
omentum, but rarely metastasizes to the bone while breast
cancer commonly spreads to the bone. Thus, the propensity
of a given tumor type to metastasize to specific organs may
be reflective of the ability of the cancer to reprogram the local
tissue MSC. This also highlights the need to understand the
tissue source and level of cancer education of the MSCs used
in each experimental system to accurately interpret results
and clinical applicability.

Pro-tumorigenic Functions of CA-MSCs

Carcinoma-associated mesenchymal stem/stromal cells have
been implicated in a variety of tumor supporting functions
across numerous cancer types including breast, ovarian, gas-
tric, colon, prostate, pancreatic, and head and neck cancers
as well as lymphoma and glioma.’” Once reprogrammed,
CA-MSCs can support tumor progression through sev-
eral mechanisms, such as aiding in the formation of the
TME through differentiation into other tumor supporting
stroma, immunosuppression, promotion of angiogenesis, and
enhancing invasion and metastasis (Fig. 3).333%46

Carcinoma-Associated Mesenchymal Stem/
Stromal Cells Help Form the Mature TME Through
Differentiation

The field is continuing to improve methods of tracking MSC
differentiation (during benign and malignant processes) in-
cluding lineage tracing, fluorescent labeling, and single-cell
sequencing thus providing addition evidence for in vivo
multilineage stromal differentiation.*” Using these techniques,
CA-MSCs have been shown to differentiate into multiple
stromal lineages which can help form the mature stromal
TME.” Carcinoma-associated mesenchymal stem/stromal
cells can differentiate into other tumor supporting cells, such
as carcinoma-associated fibroblasts (CAFs), myofibroblasts
and adipocytes (cancer associated adipocytes [CAAs]).384148
Using single-cell sequencing, Miyazaki et al. demonstrate ad-
ipose MSCs differentiate into CAFs in a pancreatic cancer
xenograft model.*°

Carcinoma-associated fibroblasts are the most abundant
cell type found in the stromal TME and promote tumor
progression thus a CA-MSC source of CAFs within the
TME amplifies the tumor-promoting impact of CA-MSCs.
Carcinoma-associated mesenchymal stem/stromal cells de-
rived from lung tumor tissue were shown to have higher
expression of the CAF markers a-SMA, HI-1a, MMP11,
VEGE, CXCL12, TGE-p1, TGF-BRII, IL6, and TNFa
when compared with paired healthy lung tissue MSCs.*
Co-transplantation of human adipose-derived MSCs and
the human pancreatic cancer cell line Capan-1 into mice
recapitulated the functional stromal TME, and subse-
quent single-cell RNA sequencing and histological analysis
demonstrated the CAF population derived through differ-
entiation of transplanted adipose mesenchymal stem cells
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Figure 3. CA-MSCs function within and form the mature TME through differentiation and direct interaction.

(AD-MSCs).* Additionally, exosomes secreted by ovarian
and breast tumor cells trigger MSC differentiation into pro-
angiogenic and pro-invasive myofibroblasts.’*3* BM-MSCs
treated with breast cancer cell conditioned media differ-
entiate into a myofibroblast-like CAF phenotype including
SDF-1, a-SMA, and fibroblast surface protein (FSP) expres-
sion and functionally enhance tumor growth both in vitro
and in vivo."!

Carcinoma-associated mesenchymal stem/stromal cells
differentiation into other tumor-supporting lineages has
also been shown. Treatment of BM-MSCs with condi-
tioned media from PC-3 prostate cancer cells was shown
to increase osteoblastic lineage commitment through
upregulation of the pro-osteoblastic factors a.5/f1 integrins,
fibronectin, and osteoprotegerin when compared with con-
trol media or media from non-metastatic 22RV1 cells.*
Secretion of FGF-9 by PC-3 cells was identified as critical
to driving this differentiation.’® CAAs function to support
metabolic demands of tumor cells and can be derived from
CA-MSCs. Exosomes isolated from MSC-derived adipocytes
enhanced the proliferation and chemoresistance of breast
cancer MCF7 cells, and the depletion of exosomes in vivo
reduced tumor growth, possibly through activation of the
Hippo signaling pathway.’!

Immunosuppressive Properties of CA-MSCs

As a canonical function of their role in wound healing, MSCs
engage in direct and indirect crosstalk with immune cells at
the wound and suppress both the innate and adaptive immune
responses.* Several cytokines commonly secreted by tumors
or the TME, such as tumor necrosis factor alpha (TNFa),
IFNYy, and interleukin-1 (IL-1), induce CA-MSCs to secrete
molecules involved in regulation of the innate and adaptive
immune systems including prostaglandin E2 and indoleamine
2,3-dioxygenase chemokines CXCL-9,-10, and -11, as well as
nitric oxide synthase, which leads to suppression of recruited
T cells.* Carcinoma-associated mesenchymal stem/stromal
cells have been shown to affect the phenotype of and decrease
the cytotoxic activity of recruited NK cells as well as inducing
differentiation of myeloid-derived suppressor cells (MDSCs)
into immunosuppressive M2-polarized macrophages.**
Carcinoma-associated mesenchymal stem/stromal cells can
likewise directly induce M2 macrophage polarization in pan-
creatic cancer.’? Suppression of the active immune system can
occur through induction of Tregs via release of TGFp1, which
was shown to protect breast cancer cells from immune clear-
ance.’® Our recent work also demonstrates CA-MSCs mod-
ulate the immune response in ovarian cancer. We found that
addition of CA-MSCs to an “immune hot” model of ovarian
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cancer completely eliminated the response to immune check-
point inhibitor therapy. Mechanistically, this was related to
CA-MSC expression of CCL2, CX3CL1, and TGFp1, and
recruitment of CCR2+ monocytes and M2 TAMs into the
TME.>* This is consistent with previous findings that CA-MSC
expression of CCL2 in lymphoma, melanoma, and breast
cancer models recruit CCR2+ tumor-associated macrophages
to the TME to promote tumor growth.*

Promotion of Angiogenesis

The formation of new vasculature, or angiogenesis, is a
hallmark of cancer progression and is necessary to provide
nutrients to the expanding tumor. Carcinoma-associated
mesenchymal stem/stromal cells help govern this process
through direct interactions and secretion of pro-angiogenic
factors such as TNFa, VEGF, INFy, LIE and M-CSES355¢
Secretion of IL-6 from CA-MSCs increases the secretion of
endothelin-1 in tumor cells, resulting in the activation and
recruitment of endothelial cells via Akt/ERK and promotion
of angiogenesis.”” Additionally, TGFf1 appears to be critical
to CA-MSC-driven angiogenesis.*»*® Carcinoma-associated
mesenchymal stem/stromal cells also induce angiogenesis via
a paracrine signaling loop involving BMP4 and Hedgehog,
as demonstrated in an ovarian cancer model.** Carcinoma-
associated mesenchymal stem/stromal cells, in response to
tumor secreted lysophosphatidic acid, stimulate angiogenesis
vis the expression of VEGF-A and SDF-1.%° While the ability
of MSCs to undergo mesenchymal-to-endothelial transition
and acquire an endothelial phenotype is controversial, a po-
tential mechanism driven by TGFp/JNK signaling and neg-
atively regulated by p38a has been proposed .58]. Finally,
as noted above, CA-MSCs recruit “M2” macrophages to the
TME. As M2 macrophages are highly angiogenic, this also
provides an indirect mechanism whereby CA-MSCs can pro-
mote angiogenesis.®!

Promotion of Therapeutic Resistance

Resistance to chemotherapy remains a major barrier to the
effective treatment of cancer. Carcinoma-associated mes-
enchymal stem/stromal cells have been shown to promote
chemoresistance through several different mechanisms, in-
cluding secretion/induction of anti-apoptotic and resistance
promoting factors, promotion of quiescence in tumor cells,
metabolic support of tumor cells and enrichment of the
cancer stem cell (CSC) population.®*7>

Both resistance driving juxtacrine and paracrine signaling
mechanisms between CA-MSCs and tumor cells have been
identified. Physical contact between breast cancer cells and
adipose-derived MSCs was shown to modulate trastuzumab
resistance by activation of nonreceptor tyrosine kinase c-Src,
downregulation of PTEN, and activation of the PI3K/AKT
pathway in vitro.®> Expression of the tetraspanins CD9 and
CD81 by bone-marrow MSCs was found to promote re-
sistance to doxorubicin and S-fluorouracil in HCC1806
breast cancer cells, with MSC CD9 knockdown leading to
decreased expression of drug resistance protein BCRP and
serum cytokines CCLS, CCRS, and CXCR12.”* Ovarian
tumor cells were shown to induce the secretion of the CXC
chemokine receptors 1/2 ligands CXCL1, CXCL2, and IL-8
by CA-MSCs, which induce resistance to carboplatin.?*
Carcinoma-associated mesenchymal stem/stromal cells also
secrete BMP4 creating a BMP4/hedgehog positive feedback
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loop with ovarian cancer cells which increases cancer cell cis-
platin resistance.”” Cisplatin pretreatment of adipose-derived
MSCs was shown to induce IL-6 and IL-8 secretion and sub-
sequent coculture with breast cancer cells led to increased
chemoresistance in vivo, demonstrating therapy may have a
direct effect on CA-MSC function.”® Carcinoma-associated
mesenchymal stem/stromal cells/stromal IL-6 secretion has
been shown in a variety of other neoplasias, including lung,
liver, colorectal. and pancreatic cancers.””7” Additionally,
CA-MSC secretion of platelet-derived growth factor was also
shown to induce chemoresistance and promote stemness.®®

As traditional chemotherapy targets rapidly dividing cells,
quiescence—induction of a reversible GO-G1 arrest—is an ef-
fective mechanism for chemotherapeutic resistance.” Tumor
cells escaping the primary site can be disseminated throughout
the body through the blood or lymphatic circulatory system
in a quiescent state.”” These quiescent disseminated tumor
cells (DTCs) can lay dormant for decades, eventually leading
to disease recurrence.”” Carcinoma-associated mesenchymal
stem/stromal cells are capable of inducing quiescence in
tumor cells, which has been best characterized in models
of breast cancer.t>¢¢%72 Periarteriolar NG2+/Nestin+ MSCs
were depleted in a C57BL/6 NG2-CreER inducible diphtheria
toxin receptor mouse model and subsequent intracardiac in-
jection of E0771 tumor cells led to an accumulation of DTCs
in depleted mice vs wild type, with accumulated tumor cells
expressing significantly more Ki67 and decreased p27+,
indicating reactivation of dormant DTCs.®® NG2+/Nestin+
MSCs were identified as the source of pro-dormancy factors
TGF-B2 and BMP7, and conditional knockout of TGF-32
in vivo resulted in awakening of dormant DTCs in the bone
marrow.® Dormancy may also be induced by MSC exosomes
in a subset of tumor cells.®>® BM-MSCs primed by breast
cancer cells release exosomes containing the microRNAs
miR-222/223 which were shown to promote quiescence and
chemoresistance.®

Cancer cells undergo metabolic reprogramming which
supports their growth and survival.®” Fatty acid oxida-
tion (FAO) is required for cancer cell growth and sur-
vival, and recently CA-MSCs have been shown to promote
chemoresistance and stemness in tumor cells through FAO in
vitro and in vivo.*” TGF-f1 secretion by MSCs activated
SMAD?2/3 in gastric cancer cells and led to long non-coding
RNA (IncRNA) MACC1-AS1 expression, which promoted
FAO-dependent chemoresistance through antagonizing miR-
145-5p.% Another recent publication showed CA-MSCs en-
hance chemoresistance by supporting metabolic requirements
of tumor cells and acting as an antioxidant defense to pre-
vent apoptosis. Nestin* BM-MSCs were found to increase ox-
idative phosphorylation, ATP production, and TCA activity
in acute myeloid leukemia (AML) cells.®* Interestingly, the
transfer of mitochondria from BM-MSC to tumor cell was
observed, possibly identifying the source of this increased
energy production. Chemotherapy generates reactive ox-
ygen species (ROS) which lead to cell damage and death;
BM-MSCs were observed to protect AML cells by reducing
ROS and lipid peroxidation through glutathione-mediated
antioxidant defense.**

Carcinoma-associated mesenchymal stem/stromal cell en-
hancement of the CSC population is also a mechanism by
which CA-MSCs can promote chemoresistance. Carcinoma-
associated mesenchymal stem/stromal cell:CSC niche
interactions are discussed later in this review.
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Carcinoma-Associated Mesenchymal Stem/
Stromal Cells and Metastasis

Carcinoma-Associated Mesenchymal Stem/Stromal
Cells Enhance Tumor Cell Invasion

Metastasis is a highly complex cascade of events that is re-
sponsible for the majority of cancer-associated mortalities.
Metastasis can be simplified into 2 major phases: (1) de-
tachment and translocation of tumor cells from the primary
site into the vasculature and (2) invasion and colonization
at a distant site.”® Carcinoma-associated mesenchymal stem/
stromal cells play a role in both initiating and promoting the
metastatic cascade at the primary tumor, as well as aiding
tumor cell colonization at the site of metastasis.

Canonically, invasion of the basement membrane and
cell migration represents the first step of metastasis. The
CA-MSC secretome can direct tumor cell invasion through
expression of multiple chemokines. In a xenograft mouse
model of melanoma and breast cancer, CA-MSCs secrete
CCL-2, -5, -9, and CXCL10 and activate tumor cell migra-
tion and invasion, promoting metastasis to bone, lung, and
lymph nodes.**7$! Additionally, chemokine activation of
matrix metalloproteinases (MMPs) may direct remodeling
the ECM, promoting escape of tumor cells from the primary
TME.?! Paracrine signaling via TGFf1 has also been shown
to enhance invasion and metastasis in human Glioblastoma.$?
Carcinoma-associated mesenchymal stem/stromal cell-
derived exosomes were shown to promote migration of
MCEF?7 breast cancer cells through upregulation of Wnt and
[-catenin signaling pathways.** Carcinoma-associated mes-
enchymal stem/stromal cell conditioned media was also
shown to increase growth and metastasis of hepatocellular
carcinoma via induction of the IncRNA DNM3OS within
tumor cells.?

CA-MSCs Alter the ECM

There is also emerging evidence that CA-MSCs can enhance
metastasis through alterations of the ECM. Changes in col-
lagen deposition and resultant alterations in tumor cell and
MSC interactions with deposited matrix has been shown
to promote metastasis. For example, CA-MSCs are able to
both increase discoidin domain receptor 2 (DDR2) expres-
sion and the deposition of its ligand, collagen I, to enhance
breast cancer metastasis.®® In ovarian cancer, CA-MSCs shift
the balance of basement membrane ECM from collagen 15
to collagen 4 which is also correlated with increased metas-
tasis.” As mentioned previously, CA-MSCs can differentiate
into CAFs, which also alter the ECM to promote invasion
and metastasis.*

CA-MSCs Induced Epithelial-to-Mesenchymal
Transition

In addition, CA-MSCs play a critical role to enhance invasion
and metastasis by promoting epithelial-to-mesenchymal tran-
sition (EMT) in tumor cells. Epithelial-to-mesenchymal tran-
sition is a dynamic process by which epithelial cells lose their
cell-cell adhesion and polarity, gain a more mesenchymal phe-
notype and generally become more migratory and invasive.
Carcinoma-associated mesenchymal stem/stromal cells were
shown to induce EMT of metastatically weak breast cancer
cells via LOX-Twist signaling, leading to increased metas-
tasis to bone and lung in a breast cancer xenograft model.’”
Stromal-derived TNFa and TGFB1 increase tumor cell EMT

m

in colon carcinoma cells via p38 MAPK activity and ERK ac-
tivation®® and both factors are secreted by CA-MSCs.#5:53:57:58
Tumor cell induction of CA-MSC CCLS secretion was shown
to enhance EMT of breast carcinoma cells via paracrine
signaling through the chemokine receptor CCRS.%’ Direct in-
teraction between CA-MSCs and tumor cells has also been
shown to increase expression of EMT-related genes, partic-
ularly at the stroma-epithelial invasive edge of the tumor.”*!

Carcinoma-Associated Mesenchymal Stem/Stromal
Cells Directly Bind to and Travel with Cancer Cells

Finally, CA-MSCs can enhance metastasis by physically
binding to tumor cells forming a heterocellular metastatic
unit. In this multicellular complex, CA-MSCs and tumor cells
escape the primary tumor as a unit and CA-MSCs serve as a
chaperone to the tumor cells as they traverse to the metastatic
site. Indeed, CA-MSCs have been identified in complex with
tumor cells in the ascites of patients with ovarian cancer.’
Mechanistically, as tumor cells undergo CA-MSC-induced
EMT, a bidirectional partial mesenchymal-to-epithelial tran-
sition (MET) occurs in CA-MSCs. This MET increases the
adhesive properties of CA-MSCs allowing them to tightly
bind to tumor cells.” Carcinoma-associated mesenchymal
stem/stromal cells which travel with tumor cells as a met-
astatic unit may aid in construction of the metastatic TME
through proliferation and differentiation into supportive
stroma. Further, CA-MSC interactions with other non-tumor
components may help drive metastatic TME formation. For
example, CA-MSCs were shown to promote the survival of
lung cancer cells via expansion of myeloid-derived suppressor
cells (MDSCs) at the distant metastatic site.”?

Carcinoma-Associated Mesenchymal Stem/Stromal
Cells and the Pre-metastatic Niche

Carcinoma-associated mesenchymal stem/stromal cells may
also help influence the formation of the pre-metastatic niche
(PMN), “priming” future sites of metastasis allowing for suc-
cessful engraftment and survival of tumor cells in an otherwise
hostile environment. Several factors identified as promoting
PMN formation are either directly secreted by CA-MSCs or
induced in tumor cells by CA-MSCs.” TGFp1 is significantly
upregulated in CA-MSCs and secreted within the primary
TME. 13455388 Secreted TGFB1 attracts myeloid cells to the pre-
metastatic lung, inducing an inflammatory state and enhancing
subsequent metastasis.”> TGFB1 secretion has also been shown
to lead to PMN formation via Treg accumulation in breast
cancer lung metastasis, concurrent with observed immune
cell recruitment in PMN formation.”* Carcinoma-associated
mesenchymal stem/stromal cells can induce tumor cell secre-
tion of ECM remodeling factors such as LOX which accu-
mulate at PMNs and enhance the recruitment and growth of
metastasizing tumor cells to this niche.®”*> Additionally, other
ECM remodeling factors such as MMPs important to PMN
formation are secreted by CA-MSCs.”*?” While these studies
suggest an important function for CA-MSCs, further research
is required to fully elucidate their role in PMN formation.

Carcinoma-Associated Mesenchymal Stem/
Stromal Cells and the Cancer Stem Cell Niche

Cancer stem-like cells (CSCs) represent a subset of tumor
cells characterized by the ability to self-renew, differentiate,
and initiate tumors. These cell populations, while rare, can
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potentially recapitulate the entire tumor cell population and
may be responsible for cancer initiation, therapeutic resistance
and metastasis.'*° This CSC population is maintained in part
through the crosstalk with the TME and stroma.?® Specially,
several mechanisms of CA-MSC:CSC niche interactions have
been identified.

Carcinoma-associated mesenchymal stem/stromal cells
isolated from human ovarian cancer ascites were shown to
increase the CD133*/ALDH* CSC population via BMP2 and
BMP4.'>!3 Carcinoma-associated mesenchymal stem/stromal
cells also induce the expression of the microRNAs mir-199
and mir-214 in breast tumor cells, resulting in decreases to
FoxP2 expression and increases in both metastasis and cancer
cell stemness.”® Attachment of BM-MSCs to gastric cancer
cells in coculture led to upregulation of the WNT and TGFf3
signaling pathways and subsequent increases in the CSC pop-
ulation.”” The CA-MSC secretome plays a role in modulating
the CSC niche through production of CXCL1, CXCLS8, IL-6,
and CXCL7.74100.101 Dijrect coculture with MSCs resulted in
upregulation of IL-6 and CXCL7 pathways and both increased
sphere formation and self-renewal capacity in breast cancer
cells.” Additionally, CA-MSCs may indirectly modulate the
CSC population by differentiation into CAFs.!%1% Taken to-
gether, these studies identify a crucial role for CA-MSCs in
the maintenance of the CSC niche and disease progression
through CA-MSC:CSC interactions.

Therapeutic Implications of CA-MSCs

Given the role of CA-MSCs in promoting tumor growth,
progression and therapeutic resistance, the development of
therapeutics targeting CA-MSC-tumor cell interactions or
tumor education of naive MSCs present a novel approach to
treating cancer. Therapeutics targeting CA-MSCs may arise
from novel or repurposed drugs which can be used in conjunc-
tion with other established treatments.'® Pharmacological
disruption of the crosstalk between CA-MSCs and tumor
cells may lead to improve response to treatment.’*%73:105
Targeting a HH/BMP4 signaling loop between CA-MSCs
and ovarian tumor cells with HHi IPI-926 was able to sen-
sitize tumor cells to cisplatin.’” IPI-926 treatment was also
able to sensitize desmoplastic ovarian tumors in mice to anti-
PD-L1 immune checkpoint inhibitor treatment.** HHi treat-
ment was also able to sensitize pancreatic carcinoma cells to
paclitaxel.'® Additionally, treatment using the lipid-lowering
drug simvastatin was able to disrupt crosstalk between
CA-MSCs and squamous cell lung carcinoma cells, leading
to decreased CA-MSC secretion of several tumor-supporting
cytokines.”

As reported previously, CA-MSCs potentially promote
the recurrence of disease.”? Identification and targeting of
CA-MSCs in patients after successful treatment may present
an additional treatment strategy. As CA-MSCs are virtu-
ally indistinguishable from naive MSCs, the development
of other modalities to test for remaining tumor-supportive
stroma may help identify patients at-risk for recurrence
and could benefit from treatment. For example, use of the
CA-MSC predictive algorithm developed by Coffman et al
could be used to stratify patients based on the likelihood
of tumor supportive stroma remaining post-chemotherapy/
debulking.'3 These patients could potentially be treated to
reduce or eliminate the remaining tumor supporting stroma,
while patients with non-supportive stroma could be treated
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with therapeutics that inhibit conversion of naive MSCs to
CA-MSCs.?

Of additional import is the emerging use of MSC-based
therapies both in benign and malignant conditions. Indeed,
MSC-based therapies are already FDA approved for the treat-
ment of graft vs host disease. Given this, it is extremely im-
portant to better understand the pro- vs anti-tumor properties
of MSCs (CA-MSCs vs MSCs) and to understand the nuances
of the heterogenous MSC population in order to guarantee
the clinical safety of MSC-based treatments.!>!%197 While full
exploration of this topic is outside the scope of this review,
there are numerous comprehensive articles which cover this
topic in greater detail.!%¢1%

Conclusion

Carcinoma-associated mesenchymal stem/stromal cells are
key contributors to the formation of the tumor supporting
microenvironment and may play a pivotal role in the es-
tablishment of the pre-metastatic and metastatic niche.
Carcinoma-associated mesenchymal stem/stromal cells are
most likely converted from native MSC populations at the
primary site early on in cancer initiation through epige-
netic reprogramming to acquire a tumor supporting pheno-
type. Once converted, CA-MSCs support tumor progression
through several mechanisms and can differentiate into other
tumor supporting stromal cells which give rise to the ma-
ture TME. Carcinoma-associated mesenchymal stem/stromal
cells aid tumor cells in escaping the primary site and chap-
erone them to secondary metastatic sites, both increasing
their chances of survival and potentially acting as architects
of the new metastatic niche. Additionally, CA-MSCs may
assist in forming the pre-metastatic niche prior to the ar-
rival of DTCs, increasing the likelihood of successful met-
astatic spread. Given the multifaceted roles CA-MSCs play
in cancer progression, they represent an untapped yet poten-
tially powerful target for improved cancer therapeutics. In
addition, a more nuanced understanding of MSC-CA-MSC
dynamics can be used to ensure safe use of MSCs in clinical
applications.
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