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Abstract
The interactions between tumor cells and the 
non-malignant stromal and immune cells that 
make up the tumor microenvironment (TME) 
are critical to the pathophysiology of cancer. 
Mesenchymal stem cells (MSCs) are multi-
potent stromal stem cells found within most 
cancers and play a critical role influencing 
the formation and function of the TME. MSCs 
have been reported to support tumor growth 
through a variety of mechanisms including 
(i) differentiation into other pro-tumorigenic 
stromal components, (ii) suppression of the 
immune response, (iii) promotion of angio-
genesis, (iv) enhancement of an epithelial- 
mesenchymal transition (EMT), (v) 
enrichment of cancer stem-like cells (CSC), 

(vi) increase in tumor cell survival, and (vii) 
promotion of tumor metastasis. In contrast, 
MSCs have also been reported to have antitu-
morigenic functions including (i) enhance-
ment of the immune response, (ii) inhibition 
of angiogenesis, (iii) regulation of cellular 
signaling, and (iv) induction of tumor cell 
apoptosis. Although literature supporting 
both arguments exists, most studies point to 
MSCs acting in a cancer supporting role 
within the confines of the TME.  Tumor-
suppressive effects are observed when MSCs 
are used in higher ratios to tumor cells. 
Additionally, MSC function appears to be 
tissue type dependent and may rely on cancer 
education to reprogram a naïve MSC with 
antitumor effects into a cancer-educated or 
cancer-associated MSC (CA-MSC) which 
develops pro- tumorigenic function. Further 
work is required to delineate the complex 
crosstalk between MSCs and other compo-
nents of the TME to accurately assess the 
impact of MSCs on cancer initiation, growth, 
and spread.
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3.1  Introduction

In the course of neoplasia, tumor cells (TCs) 
extensively interact with adjacent cell popula-
tions in the “tumor microenvironment (TME).” 
The TME is a complex network of non-malignant 
stromal and immune cells which surround the 
cancerous tissue. Interactions with microenviron-
ment cells cause TCs to undergo genetic and 
functional changes that increase metastasis, 
enhance proliferation, and induce chemothera-
peutic resistance [1, 2]. In addition, the TME also 
contains a non-cellular component consisting of 
the extracellular matrix (ECM) and soluble fac-
tors. Studies have shown that ECM and soluble 
factors in the TME play an important role in sup-
porting tumor progression, and these factors are 
strongly associated with tumorigenesis [3].

Mesenchymal stem cells (MSCs) (also known 
as multipotent mesenchymal stromal cells) are 
non-hematopoietic multipotent stromal stem 
cells that can be found in a variety of tissues, such 
as ovary, brain, spleen, liver, kidney, lung, mus-
cle, thymus, pancreas, adipose, and bone marrow. 
MSCs are distinct from other stromal cells, such 
as fibroblasts, and MSCs have a unique expres-
sion profile that is positive for stromal cell mark-
ers (CD73, 105, 44, 29, and 90) but negative for 
endothelial (CD34, 31, and vWF) and hemato-

poietic (CD45 and 14) markers [4]. MSCs are 
progenitor cells to multiple stromal components, 
possessing the ability to differentiate into osteo-
cytes (bone), adipocytes (adipose), chondrocytes 
(cartilage), and fibroblasts [5]. Given the lack of 
one specific marker and the fact that they are 
closely related to more terminally differentiated 
stromal cells, the identification of MSCs can be 
challenging. The international society for cellular 
therapy published minimal criteria for defining 
multipotent mesenchymal stroma cells which 
state MSCs (1) must be plastic adherent; (2) must 
express CD105, CD73, and CD90 and lack 
expression of CD45, CD34, CD14 or CD11b, 
CD79a, or CD19 and HLA-DR surface mole-
cules; and (3) must differentiate to osteoblasts, 
adipocytes, and chondroblasts in  vitro [4] 
(Fig. 3.1).

Scholarly literature presents divergent evi-
dence on the role of MSCs in the TME and can-
cer progression. Both pro-tumorigenic and 
antitumorigenic functions have been ascribed to 
MSCs; this dichotomous relationship can be 
attributed to the heterogeneity in MSC definition, 
source of MSC derivation, and methods of study. 
Thus, this chapter will present evidence of the 
pro- and antitumorigenic functions of MSCs and 
will discuss potential reasons for the existence of 
this apparent contradiction.

Fig. 3.1 The definition of mesenchymal stem cell (MSC). 
MSCs express CD105, CD73, and CD90 and lack the 
expression of CD45, CD34, CD14, CD11b, CD79a, or 

CD19. MSCs also differentiate to fibroblasts, osteoblasts, 
adipocytes, and chondrocytes in vitro
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3.2  Pro-tumorigenic Function 
of MSCs in the TME

Within the confines of the tumor microenviron-
ment, tumor-secreted factors and direct TC-MSC 
interactions induce a pro-tumorigenic phenotype 
in the MSC population, creating carcinoma- 
associated mesenchymal stem cells (CA-MSCs) 
[6, 7]. CA-MSCs retain their differentiation 
capacity and stromal surface markers, but they 
contribute to tumor progression via several 
mechanisms: (i) differentiation into other pro- 
tumorigenic components of the TME, (ii) sup-
pression of immune response, (iii) promotion of 
angiogenesis, (iv) enhancement of an epithelial- 
mesenchymal transition (EMT), (v) enrichment 
of cancer stem-like cells (CSC), (vi) increase in 
tumor cell survival, and (vii) promotion of tumor 
metastasis [6, 8–13].

3.2.1  Differentiation into Pro- 
tumorigenic Components 
of the TME

A defining characteristic of MSCs is their ability 
to differentiate into multiple cell lineages, such 
as fibroblasts, adipocytes, osteocytes, and chon-
drocytes. These multipotent properties suggest 
that MSCs may play a key role in the generation 
of most stromal components of the TME. Multiple 
reports have demonstrated that CA-MSCs differ-
entiate into tumor supporting carcinoma- 
associated fibroblasts (CAFs) and adipocytes 
(CAAs) in the presence of tumor cells.

3.2.1.1  Carcinoma-Associated 
Fibroblasts

The traditional role of fibroblasts is to facilitate 
wound healing by regulating extracellular matrix 
remodeling [14]. Within the confines of the TME, 
CAFs constitute the majority of the local stroma 
and contribute significantly to tumorigenesis 
[15]. While CAFs can be derived from local stro-
mal fibroblasts, both resident and distally 
recruited MSCs have been shown to acquire a 
CAF-like phenotype within the TME niche [16]. 

Interestingly, CA-MSCs demonstrate an even 
greater ability to differentiate into CAFs versus 
normal MSCs within the TME [17]. While the 
exact mechanism underlying CA-MSC to CAF 
differentiation has not yet been elucidated, there 
is growing evidence that tumor-secreted factors 
induce the TGF-β/Smad signaling pathway in 
MSCs drive differentiation into a CAF phenotype 
[18, 19]. Additionally, the CAF phenotype is sta-
ble and persists in in vitro cell culture sans tumor 
stimulation [20].

Pro-tumorigenic functions of CAFs include 
increased tumor cell invasion, enhanced EMT 
through Hedgehog signaling, ECM remodeling 
resulting in increased desmoplasia, promotion of 
tumor initiation in pre-malignant cells, increased 
CSC profile, promotion of migration and metas-
tasis, and increased chemotherapeutic resistance 
[21–27].

3.2.1.2  Carcinoma-Associated 
Adipocytes

Adipocytes are a major component of adipose tis-
sue, and they function in both lipid storage and 
signaling regulation. Adipocytes generate a vari-
ety of growth factors, hormones, cytokines, and 
adipokines. Specifically, CAAs have a unique 
secretome that aids in extracellular matrix remod-
eling, invasion, therapeutic resistance, and EMT 
[28]. Increased insulin-like growth factor binding 
protein-2 (IGFBP-2) expression and secretion in 
CAAs was shown to enhance migration and inva-
sion in in vitro and in vivo breast cancer models 
[29]. Additionally, co-culture of ovarian cancer 
cells and CAAs exhibited enhanced migration 
and invasion of the cancer cells through increased 
production and secretion of IL-8/fatty acid bind-
ing protein-4 [30].

3.2.2  Suppression of Immune 
Response

Canonically, MSCs play a role in healing dam-
aged tissues, engaging in direct and paracrine 
crosstalk with immune cells [31]. MSCs demon-
strate chemotaxis towards inflammatory chemo-
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kines released by damaged tissues, migrating to 
the wound and suppressing both innate and 
 adaptive immunes responses [32]. Dendritic cell 
(DC) differentiation is suppressed when MSCs 
downregulate interferon-γ (IFN-γ) and TNF-α 
expression [33]. Direct cell-to-cell interactions 
between MSCs and natural killer (NK) cells alter 
the phenotype of NK cells, suppressing prolifera-
tion and cytokine secretion [34]. Macrophages 
co- cultured with MSCs favor M2 polarization, 
leading to an increase in phagocytic activity and 
decreased expression of inflammatory cytokines 
IFNγ, TNF-α, IL-1β, and IL-12 [35, 36]. 
Additionally, soluble factors secreted by MSCs 
have been shown to repress T- and B-cell prolif-
eration while increasing apoptosis in activated T 
cells [37–39].

In the context of the TME, CA-MSCs use sim-
ilar mechanisms to support tumor growth. 
Mounting evidence suggests that CA-MSCs can 
regulate the proliferation and maturation of DCs, 
NK cells, T cells, and B cells [34, 40–42]. 
Additionally, CA-MSCs promote immunosup-
pression by secreting the cytokines IL-10, TGFβ, 
nitric acid, indoleamine 2,3-dioxygenase, and 
prostaglandin E2 [43, 44]. In vivo studies using 
murine melanoma tumor models have shown that 
IFN-γ and TNF-α promote the immunosuppres-
sive role of CA-MSCs, enabling increased tumor 
growth [11, 45]. A mouse model of pancreatic 
cancer likewise demonstrated CA-MSCs promote 
cancer growth through M2 macrophage polariza-
tion [46]. Another study using a prostate cancer 
model demonstrated that MSCs significantly 
increase tumor initiation and growth through 
suppression of the immune response [47].

3.2.3  Promotion of Angiogenesis

The induction of angiogenesis is a hallmark of 
cancer and is considered one of the early steps in 
the development of invasive cancers [48]. 
Angiogenesis is the development of new blood 
vessels from existing vasculature and is neces-
sary to sustain expanding tumor growth. An 
increasing amount of evidence suggests that 

angiogenesis is governed by MSCs within the 
TME.  Work in syngeneic mouse models has 
shown that co-injection of MSCs supports the 
formation of tumor neo-vasculature by localizing 
close to the vascular walls and by expressing 
CD31 [10]. There is also evidence that MSCs 
secrete a number of soluble pro-angiogenic fac-
tors, such as LIF, M-CSF, MIP-2, VEGF, IFN-γ, 
and TNFα. Moreover, MSCs can enhance angio-
genesis through induction of the ERK1/2 and p38 
MAPK pathways, which enhance the expression 
of VEFG and CXCR4  in tumor cells [49]. 
CA-MSCs, via a paracrine signaling loop involv-
ing BMP4 and Hedgehog, also induce angiogen-
esis in ovarian cancer models [13]. Collectively, 
this research suggests that CA-MSCs appear to 
play a role in tumorigenesis via promotion of 
neovascularization.

3.2.4  Enhancement 
of the Epithelial-Mesenchymal 
Transition (EMT)

The detachment of cancer cells from the primary 
tumor, otherwise known as dissemination, is the 
initial step in metastatic spread. Dissemination is 
found to be tightly associated with the epithelial- 
mesenchymal transition (EMT), a process in 
which epithelial cells undergo multiple changes to 
gain mesenchymal properties. EMT is typically an 
embryonic process. However, increasing evidence 
shows that the TME stimulates EMT in cancer 
cells through the activation of the same pathways 
stimulated during embryogenesis. Both embry-
onic and cancerous EMT are characterized by loss 
of E-cadherin, which often results from change-of-
function mutations in the CDH1 gene or from 
decreased E-cadherin expression. This altered 
expression affects downstream steps, such as the 
activation of transcriptional factors Snail, Slug, 
Twist, and FOXC2 [50]. In addition, the disruption 
of E-cadherin is associated with expression of 
N-cadherin, or mesenchymal cadherin, which 
facilitates motility and migration of cancer cells 
within the surrounding stroma [51]. MSCs can 
stimulate EMT in cancer cells through CCL5 

H. Atiya et al.



35

production. CCL5 promotes the secretion of 
matrix metalloproteinase (MMPs) which act by 
breaking down the extracellular matrix (ECM), 
thereby increasing the motility of cancer cells and 
enhancing their metastatic ability [52]. In a pan-
creatic cancer model, MSCs stimulated EMT 
through a Notch-dependent mechanism [53].

3.2.5  Enrichment of Cancer Cell 
Stemness

Cancer stem-like cells (CSCs), also known as 
tumor initiating cells, are a subpopulation of can-
cer cells with the ability to recapitulate the entire 
tumor population and are the cells thought to be 
responsible for cancer initiation, chemotherapy 
resistance, and metastasis. A growing body of 
work demonstrates that MSCs enhance CSC pro-
liferation and invasiveness via multiple pathways 
and in a variety of cancer types. Secretion of IL-6 
by MSCs increases JAK2/STAT3 pathway activa-
tion in cancer cells, which has been shown to 
enhance sphere formation and tumor initiation in 
lung cancer [54]. Following MSC co-culture, 
breast cancer cells exhibit upregulated CXCL7 
and IL-6 pathways and demonstrate enhanced 
mammosphere formation and increased self- 
renewal capacity [55]. In another breast cancer 
study, MSCs were linked to the promotion of stem 
cell proliferation via P2X-mediated purinergic sig-
naling [56]. Furthermore, activation of the WNT 
and TGF-β signaling pathways in gastric cancer 
resulted in an increase of the CSC population [57]. 
A Hedgehog/BMP4 signaling loop between 
CA-MSCS and ovarian cancer cells likewise 
increases ovarian CSCs [13]. Taken together, these 
data suggest that MSCs play a significant role in 
enriching the CSC population and driving disease 
initiation, resistance, and progression.

3.2.6  Increasing Tumor Cell Survival

MSCs contribute to tumor cell survival in several 
ways. Within the TME, tumor progression is 
accompanied by hypoxia and energy starvation. 

Within these otherwise treacherous conditions, it 
has been reported that MSCs increase their 
cellular proliferation and stemness through the 
expression of Rex-1 and Oct-4 [58]. MSCs have 
also been shown to release many soluble factors 
that promote tumor survival and proliferation 
including VEGF, FGF-2, PDGF, HGF, brain- 
derived neurotropic factor (BDNF), SDF-1α, 
IGF-1, IGF-2, TGF-β, and IGFBP-2 [59–61]. 
Many of these molecules, namely, VEGF and 
FGF-2, mediate the expression of anti-apoptotic 
factor Bcl-2 in order to promote tumor cell sur-
vival [62, 63]. A study by Burger et al. demon-
strated that SDF-1α expressed by MSCs can 
prevent drug-induced apoptosis of chronic lym-
phocytic leukemia (CLL) cells [64]. Another 
study showed that direct cell-to-cell contact with 
MSCs significantly enhances the viability and 
proliferation of glioblastoma [65]. Thus, MSCs 
appear to make a noteworthy contribution to the 
survival of tumor cells.

3.2.7  Promotion of Tumor 
Metastasis

During metastasis, cancer cells escape the pri-
mary tumor and eventually lead to the forma-
tion of secondary tumors in distant parts of the 
body. In order for primary tumors to form sec-
ondary tumors, cancer cells need to go through 
the sequential events of invasion, intravasation, 
extravasation, and colonization [66]. The pro-
cess of invasion starts once cancer cells break 
away from the primary tumor mass. The 
detached cancer cells invade the basement 
membrane and migrate through the surrounding 
stroma to reach nearby blood vessels. Cancer 
cells then intravasate as they penetrate the lym-
phatic or vascular wall and travel through the 
circulatory system. The traveling cancer cells 
extravasate from the vasculature by exiting 
through the vascular wall and implanting into 
distant organs. Ultimately, the cancer cells pro-
liferate and form tumors in their new location 
via a process known as colonization. The suc-
cessful completion of the metastatic process is 

3 Mesenchymal Stem Cells in the Tumor Microenvironment



36

determined by the ability of cancer cells to colo-
nize distant organs [48, 67].

Studies have shown that MSCs play a crucial 
role in promoting metastasis through multiple 
mechanisms. It has been reported that MSCs 
secrete TGF-β which increases cancer cells’ inva-
sive and migratory potential [65]. In the breast 
cancer cell line MCF7, cancer cells exhibited an 
enhanced migratory capacity after MSC-exosome 
treatment, specifically through induction of the 
WNT pathway. Exosome treatment led to an 
increase in the expression of WNT target genes 
Axin2 and Dkk1, as well as β-catenin [68]. A dif-
ferent investigation identified that MCF-7 breast 
cancer cells have increased migration potential 
when co-cultured with MSCs in  vitro which is 
mediated through ER-SDF-1/CXCR4 crosstalk 
[69]. It has also been reported that bone marrow- 
derived MSCs enhance the migratory capacity of 
breast cancer cell lines through the CXCR2 recep-
tor [12]. Finally, as discussed above, MSCs pro-
mote cancer cell metastasis through inducing 
EMT and enrichment of CSCs [53] (Fig. 3.2).

3.3  Antitumorigenic Function 
of MSCs in the TME

As previously mentioned, significant controversy 
exists regarding the role of MSCs in cancer. In 
addition to the pro-tumorigenic effects described 
above, other studies have shown that MSCs act in 
an ant-tumorigenic manner to suppress disease 
progression. Studies both in vivo and in  vitro 
have shown that MSCs can inhibit tumor growth 
and metastasis through several mechanisms such 
as (i) modulation of immune responses, (ii) inhi-
bition of angiogenesis, (iii) regulation of cellular 
signaling, and (iv) induction of apoptosis.

3.3.1  Modulation of Immune 
Responses

Although MSCs have been mainly shown to sup-
press immune responses, there are reports of 
MSCs inducing an antitumorigenic immune 

Fig. 3.2 The role of MSCs in supporting tumor progres-
sion. MSCs (1) differentiate to form cancer-associated 
fibroblasts (CAFs), (2) dampen the anti-tumor immune 

response, and (3) induce cancer cell EMT, cancer cell 
stemness, angiogenesis, cancer cell survival, and 
metastasis
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response. In a rat colon cancer model, MSCs 
inhibited cancer growth by increasing monocyte 
and granulocyte infiltration in the TME [70]. 
Further, Toll-like receptor 3 (TLR3)-activated 
MSCs enhance neutrophil function, and MSCs 
have been reported to stimulate resting T cells 
and act as antigen-presenting cells; however it is 
unclear if this happens within the TME [71, 72]. 
MSCs may also play a role in recruitment of dif-
ferent immune populations into the TME altering 
the ratio of Treg and myeloid-derived suppressor 
cells to CD8+ T cells shifting the balance towards 
an antitumorigenic state [73]. Interestingly, this 
change in immune infiltration was associated 
only with MSCs injected distant from the tumor 
rather than co-injected with tumor cells indicat-
ing naïve or non-tumor-associated MSCs may 
have divergent functions compared to MSCs in 
direct association with tumor cells.

3.3.2  Inhibition of Angiogenesis

While the pro-angiogenic functions of MSCs 
have been well described, there is evidence that 
MSCs can inhibit angiogenesis under certain cir-
cumstances. Direct injection of MSCs into an 
in  vitro Matrigel angiogenesis assay led to the 
induction of apoptosis in endothelial cells. This 
assay showed that endothelial apoptosis was 
accompanied by increase in reactive oxygen spe-
cies, which ultimately led to capillary degenera-
tion. Further, direct in  vivo injection of MSCs 
into mouse melanomas exhibited tumor devascu-
larization via a reduction in endothelial markers 
PECAM1 and VE-cadherin [74].

Additional research has demonstrated the 
anti-angiogenic effects of MSCs in gliomas. 
Bone marrow-derived MSCs suppress the growth 
of both patient-derived primary glioma cells 
in  vitro and human glioma cell lines in  vivo. 
Co-injection of human-derived MSCs and glioma 
cell lines resulted in a significant reduction of 
microvessel density, as demonstrated with CD31 
staining. Further proteomic analysis of these 
samples showed downregulation of the pro- 
angiogenic factors PDFG-BB, IGF-1, FGF-2, 

and IL-1β. In vivo glioma-MSC co-cultures also 
demonstrated a decrease in PDGF-BB and IL-1β 
expression and a reduction in tumor volume com-
pared to glioma-only tumors [75].

Given the data presented in mouse melanomas 
and human gliomas, MSCs may play a role in 
both the enhancement and inhibition of 
angiogenesis.

3.3.3  Regulation of Cellular 
Signaling

Within the tumor microenvironment, various cel-
lular signals regulate tumor cell survival, prolif-
eration, migration, and metabolism. Increasing 
evidence shows that MSCs influence the cellular 
signaling of tumor cells. In addition to pro- 
tumorigenic regulation, MSCs regulate signaling 
pathways that inhibit tumor progression. The 
phosphoinositide 3-kinase/AKT and WNT/β- -
catenin signaling pathways are associated with 
the development of carcinomas of the breast, 
liver, colon, skin, stomach, and ovary. Studies 
report that MSCs inhibit tumor proliferation 
through inhibition of the PI3K/AKT pathway and 
suppression of the WNT/β-catenin pathway. 
MSCs specifically induced expression of 
DKK1 in human carcinoma cell lines (hepatocel-
lular, H7402 and HepG2; breast, MCF-7; hema-
topoietic, K562 and HL60) via WNT signaling, 
which inhibited cell proliferation [76–78].

3.3.4  Induction of Apoptosis

MSCs have also been reported to induce tumor 
cell apoptosis and cell cycle arrest [79]. MSCs 
had an inhibitory effect on mouse hepatoma, 
lymphoma, and insulinoma cells through induc-
tion of p21 and the caspase 3 pathway [80]. 
Moreover, MSCs cultured at a high density 
expressed type I IFN, leading to the cell death of 
breast cancer cells, MCF-7, and MDR-MB-231 
cells. Furthermore, MSCs primed with IFN-γ can 
induce tumor cell-specific apoptosis [81, 82] 
(Fig. 3.3).
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3.4  Conclusions

While examples of MSCs functioning in an anti-
tumorigenic manner exist, the majority of evi-
dence points to MSCs acting in a cancer 
supporting role within the confines of the 
TME. These antitumorigenic findings cannot be 
merely discarded however, but rather contextual-
ized. Tumor-suppressing effects are observed in 
higher ratios of MSCs to tumor cell (~2:1 and 
greater) which are significantly greater than the 
TME MSC population [74, 83, 84]. These findings 
support the development and use of ex  vivo 

MSCs in a therapeutic role but lack the physio-
logical relevancy representative of the natural 
TME (Fig. 3.4).

MSC/CA-MSC function also appears to 
develop in a tissue- and disease-dependent man-
ner. Bone marrow-derived MSCs (BM-MSCs) 
developed a cancer supporting phenotype in a 
breast cancer TME model but not an ovarian can-
cer TME model. However, omental-derived 
MSCs were able to promote growth in the ovar-
ian cancer TME model, while BM-MSCs inhib-
ited tumor growth in the ovarian cancer TME 
model [85]. As breast cancer typically metasta-
sizes to bone while ovarian cancer rarely does 

Fig. 3.3 The role of MSCs in suppressing tumor progression through increasing monocyte and granulocyte infiltration, 
inhibiting angiogenesis and tumor cell proliferation, and inducing tumor cell apoptosis

Fig. 3.4 MSCs source and number affect the role of MSCs within tumor microenvironment into pro-tumorigenic 
versus anti-tumorigenic
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and prefers to metastasize to omentum, these 
findings suggest the importance in MSC source 
in the development of tumor supporting/sup-
pressing phenotypes and may explain some of the 
divergent findings regarding MSC function. 
Further, most of the reports demonstrating antitu-
morigenic roles for MSCs are from experiments 
using MSCs without prior exposure to cancer 
cells or without direct association with cancer 
cells. This speaks to an important difference in 
the function of cancer-naïve MSCs vs cancer- 
educated MSCs.

Despite the divergence in evidence describing 
the role of MSCs in tumor promotion or suppres-
sion, it is apparent that MSCs play a dynamic role 
within the TME.  Further work is required to 
unravel the complex crosstalk between MSCs 
and tumor, immune, and other stromal cells. 
Given the heterogeneity of MSCs, additional 
work is required to identify and adequately 
describe various subpopulations that may have 
differing functions dependent on cancer type. 
This will be essential to understanding how 
MSCs contribute to cancer development and pro-
gression and may lead to the identification of new 
therapeutic targets or biomarkers as well as the 
use of MSCs as therapeutic agents.
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