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ABSTRACT
The tumour microenvironment (TME) is an important factor in determining 

the growth and metastasis of colorectal cancer, and can aid tumours by both 
establishing an immunosuppressive milieu, allowing the tumour avoid immune 
clearance, and by hampering the efficacy of various therapeutic regimens. The 
tumour microenvironment is composed of many cell types including tumour, stromal, 
endothelial and immune cell populations. It is widely accepted that cells present in 
the TME acquire distinct functional phenotypes that promote tumorigenesis. One 
such cell type is the mesenchymal stromal cell (MSC). Evidence suggests that MSCs 
exert effects in the colorectal tumour microenvironment including the promotion 
of angiogenesis, invasion and metastasis. MSCs immunomodulatory capacity may 
represent another largely unexplored central feature of MSCs tumour promoting 
capacity. There is considerable evidence to suggest that MSCs and their secreted 
factors can influence the innate and adaptive immune responses. MSC-immune cell 
interactions can skew the proliferation and functional activity of T-cells, dendritic 
cells, natural killer cells and macrophages, which could favour tumour growth and 
enable tumours to evade immune cell clearance. A better understanding of the 
interactions between the malignant cancer cell and stromal components of the TME 
is key to the development of more specific and efficacious therapies for colorectal 
cancer. Here, we review and explore MSC- mediated mechanisms of suppressing 
anti-tumour immune responses in the colon tumour microenvironment. Elucidation 
of the precise mechanism of immunomodulation exerted by tumour-educated MSCs 
is critical to inhibiting immunosuppression and immune evasion established by the 
TME, thus providing an opportunity for targeted and efficacious immunotherapy for 
colorectal cancer growth and metastasis.

INTRODUCTION

Worldwide colorectal cancer (CRC) is the third 
most common cancer diagnosed in men, and the second 
most common in women [1]. In 2014 in the US alone, an 
estimated 130,000 people were diagnosed with colorectal 
cancer, with 50,000 deaths from the disease [2]. Colorectal 
cancer develops slowly, beginning with adenoma and 
progressing over several years to carcinoma [3]. Although 

the stages of colorectal cancer may be defined [4], the 
origins of the disease are numerous and multifactorial. 
Microsatellite instability is detected in about 15% of CRC 
cases, meaning that these tumours have defective DNA 
mismatch repair. It is thought that these tumours are more 
immunogenic than their microsatellite stable counterparts 
due to the generation of large numbers of abnormal 
peptides [5]. As such, the tumours are characterised by a 
larger lymphocyte infiltrate and better prognosis for the 
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patient [5, 6]. In many cases, colon cancer is diagnosed 
as localised disease, however, the majority of deaths in 
CRC are due to the development of therapy refractory 
metastatic disease. Tumour growth and metastasis are 
promoted by factors in the vicinity of the tumour, known 
as the tumour microenvironment. The “seed and soil” 
hypothesis proposed as far back as 1889 by Stephen Paget 
when he noticed that a cancer cell (the “seed”) would 
only grow if the environment (the “soil”) was suitable 
[7]. It is now widely accepted that the microenvironment 
within which a tumour grows is critical to its survival and 
progression [8]. 

The colon tumour microenvironment (TME) is 
composed of many cell types including endothelial cells, 
immune cells and fibroblasts [9-12]. These constituents 
influence the survival and growth of the tumour through 
secretion of factors necessary for angiogenesis, aiding 
tumour cells in evading apoptosis, or enabling tumours 
to evade the immune system detection and elimination 
[10, 13, 14]. More recently, a newer accomplice to the 
crime has been identified - the mesenchymal stromal cell 
(MSC). As described recently by Owens, et al, the stromal 
cell niche in the intestine is comprised of numerous, 
heterogenous subsets of stromal cells, defined as CD45- 
Epcam- cells, and includes fibroblasts, myofibroblasts, and 
MSCs [15]. In healthy intestine, subsets of stromal cells 
have been defined by their expression of α-SMA, FAPα+, 
CD90+, ICAM-1+ and gp38+ (Podoplanin). Stromal cells 
in the intestine can display capacity to sense, initiate 
and respond to extrinsic immunological ques, including 
pathogens and inflammation [15]. In fitting with their 
proposed immunological functions, stromal cells are 
located close to blood vessels and the lymphatic network 
and are positioned adjacent to the intestinal epithelial 
cancer cells. Both the high proportion and localisation 
of stromal cells in the colon suggest that the function of 
these cells is likely crucial to intestinal homeostasis and 
cancer. In this article, we review current knowledge of 
stromal, tumour and immune cell interactions in colon 
tumours, with a focus on new data that has increased our 
understanding of the immunological consequences of 
stromal cell interactions and how they may be manipulated 
in the context of colorectal cancer.

MESENCHYMAL STROMAL CELLS 
(MSCs) AND CANCER-ASSOCIATED 
FIBROBLASTS (CAFs) - ONE AND THE 
SAME?

Mesenchymal stromal cells (MSCs) are non-
haematopoietic multipotent adult stromal cells which 
display a fibroblast-like morphology. MSC reside in the 
bone marrow, but are also found in tissues such as adipose 
tissue, umbilical cord blood, and dental pulp [16-18], and 
support homeostasis in healthy tissue during regeneration 

and wound healing. MSCs are defined ex vivo by the 
following basal cell surface protein expression: CD45- 
CD31- CD34- CD14- CD11b- DC79α- CD19- MHC-I low 
MHC-II low and CD105+, CD90+ and CD73+, as well as 
their ability of tri-lineage differentiation capacity i.e. 
differentiation to osteoblasts, adipocytes or chondrocytes 
[19]. While MSCs from other species share the 
characteristics of tissue culture plastic adherence and tri-
lineage differentiation, their cell surface characterisation 
is more complex and varies greatly between species. For 
example, Peister et al., found mouse MSCs to express 
varying levels of CD34 and stem cell antigen-1 (Sca-1) 
[20].

MSCs have potent immunomodulatory capacity 
and are being investigated as a cellular therapy for use 
in a broad range of inflammatory diseases, including 
osteoarthritis, graft-versus-host disease (GvHD), and 
myocardial infarction (MI) [21]. Characteristics that 
make MSCs attractive as an immunomodulatory therapy 
include their ability to home to the sites of inflammation 
and injury and release growth factors or cytokines, to 
promote healing [22, 23], to dampen inflammation [24] 
or to differentiate into various types of damaged tissues 
[25]. The anti-inflammatory properties of MSCs are 
dependent on the ability of MSCs to respond to their 
environment and become “activated”. Pro-inflammatory 
stimuli, including TNF-α, IL-1β, IL-6 or IFN-γ can 
enhance the immunosuppressive capabilities of MSCs 
[26, 27]. This enhanced immunosuppressive ability 
in response to inflammation is obviously attractive 
in diseases such as GvHD or MI. In the context of the 
tumour microenvironment, however, in the presence of 
a high level of pro-inflammatory signalling, these potent 
immunomodulatory properties can potentially influence 
the anti-tumour immune response and angiogenesis [28].

The stromal cell compartment of the tumour 
microenvironment has recently been shown to have 
important prognostic and diagnostic relevance to patient 
outcomes in colon cancer. The stromal cell compartment 
includes cancer associated fibroblasts (CAF), myo-
fibroblasts, myeloid cells, endothelial cells and MSCs [8]. 
Recently, it has been proposed that MSCs are precursors 
to cancer-associated fibroblasts, and the two cells types 
have been shown to express similar cell surface markers 
[29-31]. (Figure 1). Fibroblasts are a population of 
non-vascular, non-epithelial, non-inflammatory cells 
that form part of and help synthesise connective tissue 
[13] They are known to play an active role in wound 
healing, and the activated fibroblasts found in the tumour 
microenvironment (CAFs) are believed to be of a similar 
“wound-heal-promoting” phenotype [13] .Like MSCs, 
CAFs originate in the bone marrow [29, 32, 33]. In 
terms of cell surface marker expression, there are many 
similarities between MSCs and CAFs. MSCs present in 
tumours have been found to express fibroblast-activating 
protein (FAP) and fibroblast-specific protein (FSP), CAF-
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Table 1: Outline of studies using specific cellular markers to define the role of stromal cells in colon cancer

Study Cancer type
Source of 
fibroblasts/ 
CAFs

CAF marker(s) Effect on tumour Effect on immune 
response

Nakagawa
[40]

Metastatic colon 
cancer

Fibroblasts 
isolated from 
3patients 
with liver 
metastasis

Lack of epithelium specific 
markers cytokeratin-19 and 
-20. Positive for vimentin 
(RT-PCR) and α-SMA 
(immunofluorescence)

Increased HCT116 proliferation in 
vivo Not assessed

Nagasaki
[41] Colon cancer

Fibroblasts 
isolated from 
64 year old 
patient

Lack of cytokeratin, 
positive for CD90 
and vimentin 
(immunostaining) α-SMA 
(immunofluorescence)

Blocking stromal IL-6 decreased 
tumour growth and angiogenesis in 
mouse xenograft model

Not assessed

Zhang
[42]

Epithelial 
Ovarian 
Carcinoma 
(EOC)

Fibroblasts 
isolated from 
61 patients 
with EOC

Negative for 
cytokeratin-8, positive 
for FAP and vimentin 
(immunohistochemistry)

Increased α-SMA staining in 
advanced disease and in cases 
with lymph node and omentum 
metastasis.
Positive correlation between α-SMA 
and lymphatic and microvessel 
densities
In vitro fibroblasts promoted 
invasion and migration of ovarian 
cancer

Not assessed

Olumi
[44] Prostate cancer

CAFs from 
3 prostate 
cancer 
patients

Negative for cytokeratin 
and positive for 
α-SMA and vimentin 
(immunofluorescence)

CAFs promoted tumour progression 
when grafted as tissue recombinants 
into nude mice. Tissue recombinants 
+ CAFs appeared metastatic, 
recombinants + normal fibroblasts 
appeared benign

Not assessed

Direkze
[33]

Pancreatic 
insulinoma

Fibroblasts 
isolated from  
mouse bone 
marrow

α-SMA for myofibroblasts 
vimentin for fibroblasts 
(immunostaining)

RIPTag mice administered GFP+ 
bone marrow via tail vain following 
whole body irradiation. In 
pancreatic tumours that developed, 
25% of myofibroblats found to be 
bone marrow derived

Not assessed

Mishra
[29] Breast Cancer

In vitro 
expansion 
of human 
bone marrow 
MSCs. 

α-SMA, vimentin, FSA 
(immunofluorescence)

Tumour-conditioned MSCs co-
cultured with tumour cell line 
increased tumour cell growth and 
proliferation

Not assessed

Spaeth
[31] Ovarian cancer

Human bone 
marrow 
MSCs

FSP, FAP, tenascin-c, 
thrombospondin-1, 
stromelysin-1, α-SMA, 
desmin, VEGF 
(immunohistochemistry)

Co-injection of MSCs with tumour 
cells resulted in significantly larger 
tumours

Not assessed

Erez
[34]

Squamous skin 
carcinoma

CAFs isolated 
from mouse 
dysplastic 
skin

PDGFR- α (flow 
cytometry)

Tumours co-injected with CAFs 
demonstrated enhanced growth and 
vascularisation

Co-injection of 
CAFs resulted in 
increased recruitment 
of macrophages 
which supported 
increased tumour 
vascularisation

Shainagawa
[46] Colon cancer

Human bone 
marrow 
MSCs 
expanded in 
vitro

α-SMA, PDGFR-β, 
desmin, FSP, FAP 
(Immunofluorescence)

Tail vein injection of MSCs into 
tumour bearing mice. MSCs 
detected in primary tumour site and 
liver metastasis. 
Co-injection of MSCs and tumour 
cells resulted in enhanced tumour 
growth, increased PCNA-LI, 
increased MVA and decreased AI

Not assessed

Koliaraki
[37] Colon cancer Intestinal 

tissue

CD45, Ter119, CD31 
E-cadherin negative, CD29, 
CD44, CD104- α positive 
(Flow cytometry). α-SMA, 
vimentin, collagen IV 
(immunohistochemistry)
Vimentin, collagen IV 
(flow  cytometry)

Deletion of Ikkβ in intestinal 
mesenchymal cells protected 
against inflammation associated 
carcinogenesis

Ikkβ in intestinal 
mesenchymal cells 
regulated immune 
cell infiltrate and 
cytokine production
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defining markers [31]. Additionally, platelet derived 
growth factor receptor-alpha (PDGFR)-α has been 
used to identify CAFs, based on reports demonstrating 
PDGFR-α expression on up to 90% of stromal fibroblasts 
in solid tumours [34, 35]. This marker however, is not 
unique to fibroblasts, and is commonly used to purify 
murine bone marrow-derived MSCs [36]. The lack of 
knowledge regarding specific cell surface molecules or 
cell specific promoters associated with different cell types 
of mesenchymal origin, including MSCs and CAFs in the 
tumour stroma, is a major limitation in progressing our 
understanding of their individual functions in the TME.

In fact, the lack of cell specific markers or cell 
specific promoters has led to conflicting results in models 
of colitis associated cancer. To elucidate the role of IKKβ 
signalling in “intestinal mesenchymal cells” or “CAFs” 
one study found IKKβ in these cells to be tumour-
promoting, the second found it to be anti-tumorigenic 
[37, 38] . The major difference between these two studies 
was the use of two different Cre drivers to target the 
cell in which to delete IKKβ - ColVCre where tumour 
progression was seen and Col1a2Cre-ER where an anti-
tumour effect was observed. In fact many of the markers 
used to define MSCs, e.g. FSP1 (S100A4) are also 
expressed by macrophages in the stromal compartment 
of tumours [39]. The lack of specificity in cell surface 
markers used to ascribe different populations of stromal 
cells in the TME has led to much disparity in assigning 
cellular functions to unique stromal cell populations. The 
disparity in these studies highlights the heterogeneity 
that exists in an environment like the intestine and 
demonstrates the critical importance of defining cellular 

markers or cell specific promoters that will allow us to 
confidently identify and target different stromal cell 
populations in the TME.

As well as sharing cell surface markers with MSCs, 
CAFs have also been shown to have tumour promoting 
properties in the TME (Table 1). CAFs have been shown 
to influence the growth and progression of tumours [30, 
40-42]. Activated fibroblasts, or myofibroblasts - identified 
by their expression of α-smooth muscle actin (α-SMA) - 
are important forces driving tumour progression not least 
in the case of colorectal cancer [43, 44]. Conditioned 
medium from CAFs isolated from patients with metastatic 
colon cancer promote colon cancer cell proliferation 
to a greater extent compared to normal fibroblasts from 
the same organ [40]. MSCs exposed to the conditioned 
medium from tumours have also been found to exhibit a 
similar gene expression profile to CAFs [29, 31, 45, 46]. 
In colorectal cancer, the same effect has been observed 
i.e. that MSCs injected with CRC cells expressed CAF-
defining markers via TGF-β/SMAD signalling and 
promoted tumour growth [45, 46]. 

A recent review by Madar et al., put forward the 
notion that “CAF” is a cell “state” rather than a cell 
type [47], and this fits with the hypothesis that MSCs 
are CAF-precursors. MSCs are a highly plastic cell type 
with robust differentiation capacity, are recruited to sites 
of inflammation and have a functional phenotype that is 
differentially regulated by inflammatory cytokines [48]. 
Furthermore, Calon et al. found TGF-β levels to be a 
robust predictor of disease relapse in a cohort of 345 CRC 
patients. This was an interesting finding in light of studies 
identifying TGF-β as an important factor in causing the 

Pallangyo
[38] Colon cancer Intestinal 

tissue

PDGFRα, CD29, CD44 
positive, PDGFRβ CD45, 
Ter119, CD31 EpCAM 
negative (flow cytometry)
Vimentin, FSP, α-SMA 
(immunofluorescence)

Lack of Ikkβ in intestinal fibroblasts 
increases tumour size Not assessed

Kraman 
[51]

Lewis lung 
carcinoma and 
pancreatic ductal 
adenocarcinoma

Mouse 
tumour tissue

FAP, α-SMA, Col I  
(Immunostaining)

LLC – depletion 
of FAP+ cells 
induced necrosis 
of tumour cells. 
PDA – depletion of 
FAP+ cells allowed 
immunogenic control 
of tumour growth

Feig
[52]

Pancreatic ductal 
adenocarcinoma

Mouse 
tumour tissue

FAP, α-SMA 
(Immunostaining) PDGFR- 
α positive, CD45 negative 
(Flow cytometry)

Inhibiting CXCR4, 
a receptor for 
FAP+ stromal cell 
CXCL12 promoted 
T cell accumulation 
and synergised 
with checkpoint 
antagonists resulting 
in tumour regression

Calon
[49] Colon cancer

Human colon 
adenoma and 
carcinoma 
tissue

FAP
Pharmacological inhibition of 
stromal cell TGF-β signalling 
blocked initiation of metastasis

Not assessed
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differentiation of MSCs to a CAF-like phenotype [49]. 
They also engineered CRC cell lines, which display a 
mutational inactivation of the TGF-β pathway, to secrete 
active TGF-β1. When injected in vivo these cells increased 
tumour formation compared with controls, and since the 
tumour cells were insensitive to TGF-β signalling, they 
concluded that the observed effects were due to TGF-β 
influencing stromal cells [49]. 

MSCs also have potent immunosuppressive 
capabilities and data shows that this property is maintained 
even as mesenchymal cells differentiate [50]. CAFs, the 
product of tumour-induced MSC differentiation, have 
been found to be similarly immunosuppressive. Kraman 
et al., found that depleting fibroblast-activating protein-α 
(FAP)+ cells in a murine model caused hypoxic necrosis 

and decreased tumour volumes [51]. This could be 
reversed by anti-TNF-α or anti-IFN-γ therapy, suggesting 
that FAP+ cells attenuate cellular responses to these 
cytokines, thus protecting the tumour from cytokine-
induced clearance. Similarly, Feig et al., observed reduced 
tumour growth upon depletion of CAFs (FAP+ cells) from 
a model of pancreatic ductal adenocarcinoma (PDA), but 
interestingly only in the presence of CD4 and CD8 cells 
[52]. This effect was mimicked by administration of an 
inhibitor of CXCR4, the ligand for which, CXCL12, is 
present in CAFs and was suggested as being responsible 
for the tumour promoting effects of the CAFs. A rapid 
accumulation of T-cells in the tumour was observed 
when CXCR4 was inhibited, thus restoring the ability of 
the immune system to eliminate the cancer cells. These 

Figure 1: Outline of potential progenitor cells for cancer associated fibroblasts in the tumour microenvironment. Adapted 
from Cirri et al., (33). Cancer-associated fibroblasts (CAFs) represent major and important component of the tumour microenvironment 
(TME) and have been shown to affect tumour growth and progression. It has been suggested that these CAFs can differentiate from 
numerous cellular progenitors including tumour-resident fibroblasts, endothelial cells, epithelial cells and smooth muscle cells. However, it 
has more recently been noted that CAFs share a number of characteristics with mesenchymal stromal cells (MSCs) including the expression 
of platelet derived growth receptor (PDGFR)-α, and, upon isolation from a tumour MSCs have been shown to express fibroblast-activating 
protein (FAP) and fibroblast-specific protein (FSP) the reported hallmarks of CAFs. Furthermore, it has been suggested that “CAF” is a cell 
“state” rather than a specific cell type, pointing to a precursor with a plastic phenotype and robust differentiation capacity, typical of MSCs, 
For these reasons it has now been hypothesised that MSCs, along with their capacity to differentiate into pericytes, are also the precursors 
of CAFs in the TME.
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findings highlight the fact that a better understanding of 
the precise interactions between tumour cells, stromal 
cells and immune cell populations that regulate immune 
responses will enable new strategies for enhancing anti-
tumour immunity. 

While the limitations in defining exclusive cellular 
populations of mesenchymal origin has important 
implications in targeting these defined cell type’s in 
vivo, identification of common mechanisms of tumour 
promotion or immune modulation may represent an 
alternative approach to understanding their individual 
cellular functions in the TME. In fact, identification of 
signalling pathways activated in MSCs in response to 

inflammatory stimuli which lead to potentiation of their 
immunosuppressive capacity or even their differentiation 
to a CAF-like lineage could prove essential for therapeutic 
targeting approaches. To date, however, limited data 
exists that propose common signalling pathways that 
may be relevant to stromal cell immunomodulatory 
potential in tumours. A limited number of studies have 
attempted to address this question particularly in relation 
to harnessing the immunosuppressive potential of MSCs 
for cellular therapy of inflammatory diseases. NF-κB, 
PI3K (Phosphatidylinositol-4,5-bisphosphate 3-kinase) 
and STAT-1 activation have been identified as important 
signalling pathways that enhance the immunosuppressive 

Figure 2: Molecular mechanisms of MSC mediated induction of colon tumour cell initiation, angiogenesis, invasion 
and metastasis. MSCs have been demonstrated to exert direct effects upon tumour cells via secretion of factors like plasminogen activator 
inhibitor (PAI)-1, interleukin (IL)-6 and neuregulin (NRG)1, or by activation of the human epidermal growth factor receptor (HER)2/3 
receptor. The result of this signalling is activation of a number of pathways in the tumour, the net result of which is tumour promotion. 
Activation of HER2/3 leads to an increased invasive and metastatic capacity in the tumour via the phosphatidylinositol-4,5-bisphosphate 
3-kinase (PI3K) and Akt signalling pathway. A similar effect on invasion and metastasis results from MSC-induced increases in Notch1 and 
CD44 signalling in colon tumour cells. Additionally, MSCs can induce phospho-signal transducer and activator of transcription (STAT)3 
signalling in tumour cells which has been described as important in the initiation of tumourigenesis. Finally MSC induced increases in 
hypoxia-inducible factor (HIF)-1α, vascular endothelial growth factor (VEGF) and endothelin (ET)-1 can either directly, or indirectly via 
actions by tumour cells upon healthy endothelial cells, induce tumour angiogenesis, another important factor in increasing the growth and 
progression of tumours both by providing a means for the tumour to travel to distant sites, and delivering nutrients essential for the survival 
of the tumour. 
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capacity of stromal cells [53, 54], however no studies 
have addressed this in the context of tumours. This 
highlights that further work is necessary to better 
understand the mechanisms that control stromal cell 
mediated immunosuppression in the TME with a view 
to manipulating these pathways for therapeutic benefit in 
cancer.

RECRUITMENT OF MSCs TO THE 
TUMOUR MICROENVIRONMENT

Inflammation is the body’s response to tissue 
damage or injury [55, 56]. There is a strong and well 
established link between chronic inflammation and the 
development of colorectal cancer, and this has led many 
researchers to compare the TME to a “wound that does not 
heal” [57, 58]. In this sense, the factors that orchestrate 
recruitment of cells to the TME are likely to be similar to 
that of a wound, to counteract inflammation and promote 
wound healing. While desirable in a wound, this type of 
response is unfavourable in CRC and undoubtedly aids to 
progression of the disease. 

Research on the molecular pathways associated 
with inflammation associated CRC has identified colon 
epithelial cell NF-κB, STAT3 and STAT6 activation with 
the progression of chronic intestinal inflammation to 
overt CRC [58-61]. In colorectal cancer, NF-κB has been 
described as the “critical link” between inflammation and 
cancer, and also found to feature in the wound healing 
process [58, 62, 63]. Research focusing on the recruitment 
of MSCs to tumour cells has identified the importance of 
various signalling molecules in this process, including 
CXCR4, MCP-1 and VCAM-1, all of which are regulated 
by NF-κB [64-72]. Shi et al., found the CXCR4/SDF1 
signalling axis to be of importance in MSC homing to 
the bone marrow in irradiated NOD/SCID mice [68]. 
This was confirmed by Gao et al., who identified SDF1 
to be an important stimulus for MSCs to migrate towards 
tumour conditioned medium [69]. Other important factors 
implicated in this process are MCP-1, the blockade of 
which significantly reduced the migration of MSCs to 
breast tumour xenografts in mice, and VCAM-1 which 
has been shown to enhance MSC migration to glioma 
cells in vitro [70, 71]. With regards specifically to the 
setting of colorectal cancer, a study by Uchibori et al., 
in 2013 confirmed an important role for VCAM-1 in the 
process of migration [72]. In addition to this important 
role for tumour cell NF-κB, recent research has shown that 
stromal cell NF-κB is also has a part to play in colorectal 
tumourigenesis, when a decreased tumour incidence was 
identified following intestinal stromal cell specific deletion 
of IKKβ [37]. In the context of inflammation associated 
cancer and spontaneous CRC, it is likely that there are 
multiple mechanisms involved in MSC recruitment to 
the TME. It is well established that MSCs are recruited 
to the tumour microenvironment and once there, act 

to alter tumour biology. In depth knowledge of how 
tumours regulate the process of MSC recruitment and 
how MSC migration is affected by inflammation in the 
tumour microenvironment is needed. More specifically, 
identification of tumour specific mechanisms that regulate 
MSC migration, and an understanding of how these 
mechanisms can be targeted is essential.

MSCS PROMOTE TUMOURIGENESIS 
IN VIVO

Apart from their proposed role as CAF precursors, 
MSCs have also been shown to be capable of modulating 
colon cancer cell activity through other mechanisms. In 
fact MSCs in CRC have been shown to directly influence 
at least three of the six seminal “Hallmarks of cancer” 
proposed by Hanahan and Weinberg [73], namely evasion 
of apoptosis [46], sustained angiogenesis [46, 74, 75] and 
tissue invasion and metastasis [46, 75, 76].

Numerous mechanisms are responsible for the 
observed effects of MSCs on colon tumour activity. Hogan 
et al., found bone marrow derived MSC (BM-MSC)-
secreted PAI-1 to be responsible for the increases they 
saw in HCT116 and HT29 colon tumour cell migration 
in vitro [76]. Liu et al., found pre-treating BM-MSCs 
with inflammatory cytokines induced VEGF expression 
via HIF-1α signalling in MSCs and resulted in increased 
angiogenesis observed in tumours following C26 colon 
cancer cell and MSC co-injection [74]. Lin et al., showed 
that MSC-secreted IL-6 and Notch1 and CD44 induction 
in HCT116 increased metastatic potential in tumours 
formed following co-injection of HCT116 and colon 
cancer-MSCs in Balb/c nu mice [77]. De Boeck et al., 
found that BM-MSCs increased the invasion, survival 
and tumorigenesis of various colon cancer cell lines in 
vitro through the release of soluble NRG1 and subsequent 
activation of the HER2/HER3-dependent PI3K/Akt 
signalling cascade in colon tumour cells, and that co-
administration of these BM-MSCs with the various cancer 
cell lines in vivo increased the percentage of animals 
presenting with tumours a number of weeks after injection 
[75]. Similarly, Huang et al., found that MSCs enhanced 
angiogenesis and migration of tumours formed in athymic 
nude Balb/c mice following administration of HT29 colon 
cancer cells, and identified IL-6 secretion by MSCs as the 
putative mechanism responsible for these increases [78]. 

Accumulating evidence suggests that MSCs enhance 
various aspects of colon tumour cell biology which 
favours tumour growth, survival and progression (Figure 
2). While this may be the case, the studies referenced 
here are not without limitations. Firstly, as was noted in 
the review by Hogan et al., there is a lack of uniformity 
in much of this work, particularly with regard to the 
variation in the numbers of cells and ratios of MSCs to 
tumour cells being administered in each study, and the 
physiological relevance of the tumour cell:MSC ratios 
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[79]. The physiologically relevant ratio of MSCs present 
in the colorectal cancer microenvironment is likely to be 
crucial in fully assessing the specific role MSCs play in 
the CRC TME and indeed other cancers. Secondly, the 
majority of the preclinical studies in this area rely on 
the use of xenograft models of cancer, namely human 
colon cancer cells, often HT29 or HCT116, being co-
administered with human MSCs, bone marrow-derived or 
otherwise, to a mouse lacking a fully competent immune 
system, commonly athymic nude Balb/c or Swiss nu/nu 
mice. While this model has its advantages and is clearly 

necessary to facilitate the engraftment and outgrowth of 
the administered tumour cells that could otherwise be 
rejected by the host animal, the autologous nature of the 
disease is not accurately represented, and aspects of the 
“anti-tumour-immunity machinery” are absent. These 
immune cell components such as T-cells, macrophages, 
dendritic cells and natural killer cells could, in fact, be 
central players in MSC-mediated tumourigenesis. The 
ability to reliably identify the location and ratio of tumour 
MSCs would facilitate approaches to comprehensively 
investigate their influence on tumour cells and immune 

Figure 3: Outline of the potential immunomodulatory effects of MSCs in the colon tumour microenvironment. MSCs 
have been shown to have potent immunomodulatory effects, acting on components of both the innate and adaptive immune system. In 
terms of innate immunity it has been shown that MSCs can dampen any early immune response that the host system may mount against a 
transformed tumour cell. This dampening of the initial response is due to the ability of the MSCs to decrease the proliferation and activation 
of dendritic cells (DCs) and natural killer (NK) cells, the potential “first responders” of an anti-tumour immune response. Macrophages 
represent another important group of innate immune cells with the potential to exert anti-tumour response, particularly via release of 
pro-inflammatory cytokines from their M1, pro-inflammatory-like phenotype. This effect is also hampered by MSCs which act to induce 
a more M2, anti-inflammatory phenotype in macrophages, thus inhibiting their capacity to clear transformed cells. With regards to the 
adaptive immune compartment, it has been demonstrated that MSCs have differential effects upon different t-cell populations. Evidence 
from the literature shows that release of factors such as transforming growth factor (TGF)-β, hepatocyte growth factor (HGF), indoleamine 
2,3-dioxygenase (IDO) (human), nand nitric oxide (NO) (rodent) from, and induction of B7H1 or PD-L1 expression on MSCs directly 
reduces the proliferation and cytotoxic effects of effector CD4+ and CD8+ T cells, thus inhibiting their tumour-clearing capacity. In contrast, 
signalling by MSCs has been reported to increase the proliferation of regulatory t cells (Tregs), a population which act to suppress the activity 
of other effector t cells. In healthy tissue this supressed auto-immunity and tolerance of “self” is desirable, but in a tumour, where the aim is 
to clear transformed cells, the increased proliferation of Tregs can be detrimental to tumour lysing and clearing by cytotoxic T cells.
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cells in both physiologically relevant models and human 
specimens. 

MSCS AS MEDIATORS OF ANTI-
TUMOUR IMMUNITY

The theory of cancer immunoediting describes the 
ability of the immune system to survey the landscape 
for potential cancerous growths, and to interact with 
tumours and directly alter their immunogenicity [80, 81]. 
According to this theory, the immune system can protect 
the host by recognising immunogenic tumour cells and 
mounting a T-cell mediated response to actively eliminate 
these cells (the “elimination” phase) [82, 83]. The 
corollary of this elimination of immunogenic cells is that 
the outgrowth of other, less immunogenic tumour cells 
may be favoured (the “equilibrium” and “escape” phases) 
[81, 82, 84]. There are undoubtedly numerous mechanisms 
by which tumour cells interact with and avoid clearance 
by the immune system such as insensitivity to interferon 
(IFN)-γ, and alteration in tumour cell MHC class I 
molecules and antigen presentation [85-87]. However, 
evidence now suggests that MSCs may have an important 
role to play in this process. MSCs possess immune 
regulatory functions, and in particular have been shown to 
be immunosuppressive in response to pro-inflammatory 
cytokines or TLR ligation [88-91]. In the colorectal TME, 
where inflammatory signalling is prevalent, it has been 
suggested that MSCs interact with immune cells, resulting 
in dampening of anti-tumour responses and thereby 
promoting tumorigenesis [92-94]. Numerous mechanisms 
have implicated in how MSCs modulate the immune 
components of the TME. Quite often the focus has been on 
MSC-T-cell interactions, but influences on other immune 
cell subpopulations such as macrophages and dendritic 
cells (DCs) have also been identified. In the context of the 
TME, MSC influences on the phenotype of these immune 
cells will dramatically affect tumour progression and a 
thus a better understanding of the precise mechanisms 
involved is critical to the development of more efficacious 
immunotherapies (Figure 3).

INFLUENCE OF MSCs ON THE INNATE 
IMMUNE SYSTEM IN THE TUMOUR 
MICROENVIRONMENT

As noted by Lamagna et al., macrophages could 
be considered the first line of defence against tumours 
given that they colonise rapidly and secrete cytokines 
to activate other innate immune components such as 
dendritic cells (DCs) and natural killer cells (NK cells) 
[95]. Additionally, macrophages have been shown to be 
capable of phagocytosis of dead tumour cells and cross-
presention of tumour antigen to CD8+ T cells [96] 

MSC-induced polarisation of macrophages 
towards an M2 phenotype

Evidence shows that MSCs can exert their tumour 
promoting effects by interacting with macrophages in the 
TME [97, 98]. Macrophages can be polarised to an M1 
phenotype which secrete reactive oxygen and nitrogen 
species and inflammatory cytokines, or an M2 phenotype 
which are involved in the suppression of inflammation and 
tissue remodelling [99]. Tumour-associated macrophages 
(TAMs) have been found to be of the M2 phenotype 
which, in the context of the tumour microenvironment, 
results in dampening of anti-tumour immune responses 
[97, 98]. It has been shown that MSCs can polarise 
macrophages towards this “anti-inflammatory” M2 
phenotype, characterised by IL-10 production and 
decreased iNOS and IL-12 expression [60, 100], and 
this likely represents another important mechanism by 
which MSCs aid tumours in evading immune clearance. 
Ren et al., showed that tumour-educated MSCs greatly 
enhanced tumour growth, and that this enhancement 
could be ameliorated by monocyte/macrophage depletion 
[101]. They also showed that these tumour-educated 
MSCs expressed high levels of CCR2, the major cytokine 
involved in monocyte chemotaxis [102]. Although these 
studies demonstrate the ability of MSCs to induce and 
M2 phenotype, the factors responsible for this induction 
remain elusive. Factors implicated in this switching 
include soluble mediators such as CCR2, IL-6 and GM-
CSF [101, 103]. M2-like macrophages could be important 
targets in the context of developing novel therapeutics or 
adjuncts to improve the efficacy of those currently used 
[60, 97, 104]. However, macrophages perform several 
essential functions throughout the body and so caution 
must be taken in therapeutically targeting such a cell. 
Identification of factors released by MSCs in the tumour 
microenvironment that are responsible for inducing an M2 
macrophage phenotype could be even more advantageous 
for the development of cancer immunotherapy, the 
effect of which is largely dependent on macrophage 
effector functions, including antibody dependent cellular 
cytotoxicity and phagocytosis.

MSCs induce suppression and altered function 
in dendritic cells, natural killer cells, neutrophils 
and myeloid derived suppressor cells

Although most studies looking at the importance 
of the immune cell components to tumour growth focus 
elsewhere, there is a body of evidence to support the 
hypothesis that dendritic cells (DCs) and natural killer 
(NK) cells also have an important role to play in the anti-
tumour immune response [105-107]. Furthermore, DCs 
and NK cells are also known important components of 
the colorectal tumour microenvironment [28]. Tumour 
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cell antigens, released either in the form of dying tumour 
cells or soluble antigen, can be endocytosed by dendritic 
cells in the TME. Dendritic cells undergo maturation and 
migrate to secondary lymphoid organs where they can 
present processed tumor antigens as peptides bound to 
class I and II MHC molecules to prime effector CD8+ and 
helper CD4+ T cells, respectively [108]

Despite the lack of studies related directly to the 
effects of MSCs on DCs and NK cell effector functions 
in the tumour microenvironment, it is likely their effects 
are similar to those described in other tissues. Aggarwal 

et al., showed using co-cultures that MSCs can suppress 
both proliferation and cytokine secretion, not only by 
T-cells, but also by DCs, and NK cells, and that these 
effects can be reversed by PGE2 synthesis inhibitors, 
suggesting PGE2 may be also be important in MSC-
induced immunosuppression [109]. This is a potentially 
important finding in the context of CRC. Non-steroidal 
anti-inflammatory drugs (NSAIDS) have been shown to 
have a protective effect against the development of CRC 
[110-112] owing to their ability to inhibit cyclooxygenase 
(COX)-2, the enzyme that is responsible for the production 

Figure 4: Tumour- and MSC-derived exosomes as potential mediators of colon tumour cell proliferation, migration, 
angiogenesis and modulation of anti-tumour immune response. Experiments involving transwell systems and conditioned 
medium have shown us that soluble factors released by MSCs can promote all aspects of tumourigenesis including tumour cell proliferation, 
migration and angiogenesis. Interestingly, more recent experiments involving the treatment of tumour cells with exosomes isolated from 
MSCs have produced similar results. Exosomes are vesicles released by a cell which are between 30 and 100nm in diameter, making them 
small enough for easy uptake by target cells. Exosomes released from a cell can contain many different components including proteins, 
lipids, RNA and miRNA. It is for these reasons that exosomes could represent a key under-explored aspect of tumour-MSC interactions. 
In addition to MSC derived exosome effects on tumour cells, it has now also been shown that exosomes derived from tumour cells can 
alter the biology of MSCs, and indeed immune cell components. Tumour derived exosomes can express FasL and TNF-related apoptosis 
inducing ligand (TRAIL), thus inhibiting macrophage differentiation and inducing t-cell apoptosis. In terms of the effects of tumour 
released exosomes on MSCs, data to date is limited. Early evidence does show however, that MSCs secrete (IL)-6, chemokine ligand 
(CXCL)-1 and C-C chemokine receptor (CCR)-2 upon treatment with tumour derived exosomes, all factors which have been implicated in 
cancer progression, metastasis and poor prognosis.
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of PGE2 from arachidonic acid [113, 114]. Spaggiari et al., 
showed that MSCs inhibited both the proliferation and 
effector functions of NK cells, and the maturation and 
effector functions of DCs, and that these effects were, as in 
the case of T-cells, mediated by IDO and PGE2, molecules 
released by MSCs in response to inflammatory signals that 
are prevalent in the colon TME [115, 116].

Myeloid-derived-suppressor cells (MDSCs) are 
another family of immune cells derived from myeloid 
progenitors and shown in humans to express varying 
levels of CD11b, CD14, CD15 and CD33 [117, 118]. 
MDSCs have an immature phenotype and the potential 
to suppress T cell responses via expression of arginase 1, 
inducible NOS, TGF-β, IL-10, COX2 or the induction of 
Tregs [117, 119] . Research has shown that these MDSCs 
can affect tumour growth and progression in a number 

of ways, including protecting the tumour from immune 
mediated clearance by their secretion of NOS, TGF-β, IL-
10, PGE2 [118, 119] 

Factors responsible for the accumulation of MDSCs 
in the tumour microenvironment include GM-CSF, 
G-CSF, M-CSF, all of which are produced by MSCs, 
suggesting the potential role of MSCs in recruitment and 
accumulation of MDSCs in the tumour [118, 119]

Evidence suggests that tumour-derived MSCs 
have an even more pronounced effect on MDSCs, as 
demonstrated by the induced expansion of MDSCs in 
vitro when in co-culture with tumour derived MSCs. 
Furthermore, these expanded MDSCs were functionally 
active and shown to suppress allogeneic T cell 
proliferation, demonstrating the potential to hamper an 
anti-tumour immune response [118, 120, 121].

Figure 5: Dual role of MSC in the prevention of inflammation induced colon cancer development and promotion of 
colon cancer metastasis. Although the vast majority of the evidence points to a tumour promoting role for MSCs, there is some evidence 
to the contrary. However, this anti-tumour effect appears to be specific to the very early stages of tumour development. Throughout the 
course of a chronic inflammatory condition like inflammatory bowel disease (IBD) the epithelium becomes inflamed and damaged, leading 
to the production of factors such as nuclear factor kappa B (NF-κB), signal transducer and activator of transcription (STAT) 3 and STAT6, 
all of which are potentially tumourigenic. It appears that administration of MSCs at this very early stage can have a tumour inhibiting effect 
by decreasing interleukin (IL)-6 and phosphoSTAT3 signalling and reducing DNA damage. However, once this early stage has passed, 
MSCs recruited to the tumour by factors such as nuclear factor (NF)-κB, chemokine receptor type 4 (CXCR4), stromal cell derived factor 
(SDF)1, monocyte chemotactic protein (MCP)-1 and vascular cell adhesion molecule (VCAM)-1 serve only to promote tumourigenesis via 
the mechanisms mentioned throughout this review, namely differentiation to cancer-associated fibroblasts (CAFs), promotion of tumour 
growth, invasion, metastasis and angiogenesis and the dampening of anti-tumour immunity.
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Finally, a limited amount of data exists 
demonstrating a detrimental role for neutrophils in the 
TME in terms of promoting tumorigenesis and inhibiting 
apoptosis [122, 123]. Neutrophils normally play an 
important role in killing invading microorganisms and 
although scant, evidence suggests that MSCs have the 
capacity to interact with this cell type. It has in fact been 
shown that MSCs can protect neutrophils from apoptosis 
and that neutrophils activated by tumour-resident MSCs 
can promote the differentiation of normal MSCs into 
CAFs, thus contributing to tumour promoting role [124-
126]

This data demonstrates that MSCs in the TME have 
the capacity to suppress effector functions of numerous 
innate immune cells which act as a first-line defence in 
detecting transformed cells. Furthermore, this appears to 
be orchestrated via release of soluble factors, namely IDO 
and PGE2 by the MSCs, meaning that these effects can be 
functional even in the absence of cell contact with MSCs. 
Elucidation of these complex interactions is vital in order 
to re-activate the host innate immune system to allow the 
generation of an effective anti-tumour immune response. 

INFLUENCE OF MCSS ON COMPONENTS 
OF THE ADAPTIVE IMMUNE SYSTEM

MSC-mediated effects on T-cells

Much of the evidence for MSC-mediated 
immunomodulation has focused on the effects of MSCs 
on the proliferation and/or effector functions of T-cells. 
Di Nicola et al., found that MSCs could inhibit the 
proliferation of T cells that had been stimulated by 
allogeneic peripheral blood lymphocytes (PBLs), dendritic 
cells (DCs) or phytohemagglutinin (PHA), and that this 
inhibition was contact-independent and could be reversed 
using antibodies against TGF-β1 and HGF, suggesting 
an important role for these cytokines in MSC mediated 
immunomodulation [89]. Similar work by Meisel et 
al., identified indoleamine 2,3-dioxygenase (IDO) as 
important in MSC-mediated T-cell suppression, a finding 
which has been backed up by other separate studies [127, 
128]. These findings are complicated by the fact that the 
results are only applicable to MSCs isolated from humans 
and monkeys [129]. When looking at rodent MSCs, IDO 
appears dispensable, with nitric oxide (NO) found to be 
responsible for T-cell suppression in this setting [88, 129]. 
More recently, another, IDO-independent mechanism for 
MSC-mediated immunosuppression has been identified. 
Chinnadurai et al., found that while blocking IDO negated 
the suppressive effect of MSCs on T-cell proliferation, 
it did not reverse the suppressive effects of MSCs on 
T-cell function as measured by IFN-γ secretion. Instead, 
the B7H1 (PD-L1) and B7DC (PD-L2) /PD1 pathways 

was implicated in the ability of MSCs to suppress T-cell 
function [130].

While there are clearly numerous suggested 
mechanisms responsible for this suppressive effect, 
there is definitive evidence to show that MSCs inhibit 
T-cell proliferation, but only following T-cell activation, 
proliferation, and subsequent cytokine production, in 
particular IFN-γ [88, 128]. T-cell stimulation is a common 
feature of an inflammatory TME [131]. Furthermore, 
studies indicate that MSCs are more immunosuppressive 
when pre-treated with inflammatory cytokines, and can 
home to sites of inflammation, such as that of the TME 
[132, 133]. This implies a role for MSCs in migrating 
to the TME [134] and aiding tumours avoid clearance 
by interacting with and modulating the host anti-tumour 
immunity. 

Djouad et al., provided some of the earliest evidence 
to link this MSC-induced immunosuppression to enhanced 
tumour growth [135]. They found the murine C3 MSCs 
cell line to be immunosuppressive in vitro, and when 
injected with B16 melanoma cells in allogeneic CH3 mice, 
these MSCs induced greater tumour formation compared 
to the control groups of MSCs or B16 cells alone. This 
result was observed regardless of whether the MSCs and 
B16 cells were co-injected or injected at separate sites, 
and for numerous ratios of MSC:B16 up to 1:100, which is 
important in the context of physiological relevance..

More mechanistic insights came from Patel et 
al., who found that MSCs protected breast cancer cells 
from immune clearance by increasing TGF-β production 
which caused an upregulation in the production of Tregs 
cells [92]. Ljujic et al., found a similar upregulation of 
Tregs along with a decrease in the cytotoxic capacity of 
CD8+ T-cells and NK cells in mice that had been co-
administered 4T1 mammary carcinoma cells and hMSCs, 
and these effects coincided with an increase in tumour 
growth and metastasis. Mechanistically it was found that 
the administration of hMSCs caused significant increases 
in serum levels of TGF-β, IL-4 and IL-10 and a reduced 
level of IFN-γ in tumour bearing mice, findings which are 
consistent with MSCs affecting NK and T-cell activity 
and polarising T-cells away from a Th1 phenotype [92, 
136]. Han et al., showed that co-injection of MSCs with 
B16 cells increased tumour growth over that of B16 cells 
alone, and that a further increase in growth occurred when 
the MSCs were pre-treated with IFN-γ and TNF-α. NO 
production and T-cell suppression was the mechanism 
cited here as being responsible for the increased growth 
of tumour cells, owing to the observation that iNOS 
inhibition reversed the MSC-mediated enhanced tumour 
growth. As mentioned, however, where MSC NO mediates 
an immunosuppressive effect in rodents, IDO appears to 
be the human equivalent [129, 132]. This discrepancy was 
overcome in a set of elegant experiments by Ling et al., 
who “humanised” murine MSCs by transfecting iNOS-

/- mouse MSCs with the human IDO gene, leading to 
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constitutive IDO expression in these cells [94]. In addition, 
they engineered the cells to inducibly express human IDO 
expression under the control of the promoter of the mouse 
iNOS gene, thus more accurately resembling the human 
in vivo situation whereby IDO expression is upregulated 
in response to inflammatory signalling. This study 
concluded that IDO produced by MSCs was responsible 
for the enhanced tumour growth and that suppression 
of CD8+ cells was critical for this effect [94]. Effector 
T-cells have a central role in orchestrating the anti-tumour 
immune response [137]. Identification of tumour induced 
mechanisms of MSC-mediated immunomodulation that 
inhibit T-cell proliferation, differentiation and function will 
enable the development of more targeted and efficacious 
immunotherapies, thus reducing reliance on cytotoxic 
chemotherapeutics and leading to more favourable 
outcomes for patients.

In the context of colon cancer Liu et al., in 2011, 
treated murine MSCs with IFN-γ and/or TNF-α and co-
injected these cells with murine C26 colon cancer cells into 
a Balb/c mouse model [74]. Although this study focused 
primarily on the pro-angiogenic role of these MSCs, it 
could be that these cells were also exerting suppressive 
effects on the immune system. This model, unlike many 
of the other cited here, is a syngeneic model where all cells 
used are of Balb/c origin, and so is particularly suitable for 
studying tumour-immune interactions. The authors found 
that cytokine treated MSCs were more potent promoters of 
angiogenesis, and attributed this effect to increased VEGF 
expression in MSCs as a result of HIF-1α signalling. 
While obviously angiogenic, VEGF has more recently 
been shown to be immunosuppressive, and so it could 
be that the MSCs administered in this study are having 
more than one effect on the tumour cells and actually 
aiding their avoidance of immune clearance as well as 
promoting angiogenesis [138, 139]. Another role for 
VEGF in tumour progression has also been noted - namely 
macrophage recruitment to the tumour microenvironment 
and the subsequent development of an immunosuppressive 
tumour-associated macrophage (TAM) phenotype [139].

What all this data demonstrates is that MSCs 
play a central role in maintaining homeostasis by 
modulating the function of innate and adaptive immune 
cells. Furthermore, it has been shown that MSCs can 
behave as ‘non-professional antigen presenting cells’ 
as demonstrated by their ability to sense bacteria via 
TLRs/NLRs, their expression of MHC class II and their 
aforementioned ability to alter T cell function [15, 140]. 
Evidence in support of this includes, IFN-γ induction of 
MHC-I and MHC-II expression and the ability to present 
soluble exogenous antigen leading to the activation or 
anergy of CD8+ and CD4+ T cells. [141-143]. Furthermore, 
CD90+ intestinal stromal cells have been shown to be 
capable of bacteria uptake and phagocytosis [144]. 
This has provoked the question of whether MSCs are 

immune cells. A recent review by Hoogduijn addresses 
this question in detail [50] , with the conclusion that 
MSCs, though immunomodulatory, are not in fact 
immune cells. In spite of this, the data presented does 
highlight some interesting idiosyncrasies related to MSC 
behaviour that does suggest characteristic “immune-like” 
functions, although to a different extent than professional 
immune cells. Hoogduijn points out that an immune 
cell is classified as a cell that protects the host against 
pathogens and removes debris or diseased cells. To date, 
data demonstrating these functions in MSC is limited or 
even absent. At present, in the tumour microenvironment, 
MSCs act as the “sensors and switchers of inflammation” 
described by Bernardo and Fibbe in the sense that they 
detect altered immune activity, respond to it, and as 
outlined above, interact with and influence the behaviour 
of components of the innate and adaptive immune system 
[24], This is an attempt, presumably, to protect the host 
from excessive inflammation rather than a pathogenic 
threat. However, little is known about the other immune 
cell-like functions of MSCs, and even less so the influence 
of tumour conditioning on these processes. Can MSCs 
phagocytose transformed or apoptotic tumour cells? Can 
they induce tolerance by presenting tumour antigen as 
“self”? Is it possible even that MSCs could be polarised 
by tumour conditioning to a pro- or anti-tumorigenic 
phenotype, as is the case for M1/M2 type macrophages. 
These questions require much investigation before we can 
fully understand the immunomodulatory capacity of MSCs 
in maintaining tissue homeostasis and more importantly, 
their role in dictating the anti-tumour immune response in 
the colon cancer microenvironment. 

EMERGING CONCEPTS - COULD 
EXOSOMES PROVIDE A KEY MISSING 
LINK?

While evidence varies as to the precise mechanisms, 
it is clear that the interactions between MSCs and 
components of the TME have profound effects on tumour 
growth and metastasis. Data suggests that these effects are 
not dependent on direct contact between tumour cells and 
MSCs or between MSCs and immune cells. Several MSC 
derived soluble mediators have been proposed as crirical 
for this pro-tumourigenic effect, but there is not yet a 
consensus as to which factors are key players, which play 
supporting roles, and which ones are dispensable. It seems 
likely that tumour microenvironment MSC mediated 
effects require the concerted actions of numerous secreted 
factors, each with its own important role. The idea that 
multiple signalling mechanisms are likely responsible for 
cell-cell communication has gained momentum of late - 
namely in the study of extracellular vesicles (EVs), and in 
particular, exosomes.
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Exosomes are vesicles released by a cell which 
are between 30 and 100nm in diameter, and can be 
identified by their unique protein and lipid composition, 
“saucer-like” morphology and expression of exosomal 
markers including TSG101 and CD63 [145, 146]. 
Exosomes released from a cell can contain many different 
components including proteins, lipids, RNA and miRNA 
[147-150]. Emerging evidence suggests that these vesicles 
could be, at least in part, responsible for some of the 
altered characteristics of MSCs found in the TME, and 
also for some of the tumour promoting effects exerted 
upon tumour cells by MSCs. For example, Haga et al., 
found that exposure to tumour cell EVs caused MSCs 
to express α-SMA, a marker for CAFs, and to secrete 
CXCL-1, CCL2 and IL-6, factors known to be involved in 
cancer progression, metastasis and poor prognosis [151-
153]. Furthermore, the conditioned medium from MSCs 
exposed to tumour EVs caused a subsequent increase 
in tumour cell proliferation and migration [151]. The 
importance of tumour cell exosomes was evident when 
Webber et al., noted that exosomes from tumour cells 
could induce normal prostate stroma to become disease-
like in phenotype and function as measured by secretion 
of soluble factors, angiogenic potential and the ability 
to promote tumour growth using samples isolated from 
patients with prostate cancer [154]. 

In addition to exerting direct effects on MSCs, 
tumour-derived exosomes have also been shown to be 
capable of modulating the various components of the 
immune system. With regard specifically to CRC, it has 
been observed that exosomes secreted from colorectal 
tumour cells express FasL and TRAIL, thus inducing 
T-cell apoptosis [155]. Furthermore, it has been shown 
that colorectal tumour-derived microvesicles impair 
monocyte differentiation into dendritic cells and those 
monocytes that do differentiate in the presence of tumour 
cell microvesicles exerted a suppressive effect on T-cell 
activity [156].There is also evidence to suggest that 
exosomes released from MCSs can enhance the growth 
and angiogenesis of tumours in vivo, possibly even to 
the same extent as MSCs themselves [157] and that 
these MSC-released exosomes can also induce a state of 
dormancy in tumour cells that favours their survival until 
conditions for re-growth and metastasis are optimal [158] 
(Figure 4). These observed effects allude to a potentially 
vital role for both tumour- and MSC-derived exosomes in 
the process of cancer progression, particularly due to their 
small size and apparent ease of uptake into recipient cells. 
Therefore, the mediators of exosome uptake may represent 
novel targets for therapeutic manipulation [159], although 
a good deal more investigation is needed in this area.

MSCs  IN THE TUMOUR 
MICROENVIRONMENT - A DOUBLE-
EDGED SWORD?

A small number of recent publications add a further 
level of complexity to the colorectal cancer-MSCs 
narrative. Studies by Chen et al. and Nasumo et al., looked 
at the impact of MSCs on the development of colon cancer 
following treatment with azoxymethane (AOM) alone, 
or in combination with dextran sulphate sodium (DSS) 
[160, 161]. The DSS-AOM model is a well-accepted 
model of inflammation-associated colorectal cancer 
whereby DSS provides the inflammatory insult and is 
followed by the carcinogen AOM to induce colon tumour 
formation [162]. In each of these studies, administration 
of MSCs at different stages of the DSS-AOM protocol 
resulted in an inhibition of tumourigenesis. Chen et al. 
attributed this reduction to decreased IL-6 and pSTAT3 
signalling in colon cells, whereas Nasuno et al., found 
MSCs prevented initiating cells from sustaining DNA 
insults and induced G1 arrest in initiated cells via TGF-β 
signalling [160, 161]. Undoubtedly these two studies 
bring to light some interesting aspects of MSC-colorectal 
cancer interactions, and raise the question of how MSCs 
can be anti-tumourigenic in the setting of healthy tissue 
exposed to a carcinogenic insult, but be pro-tumourigenic 
once the early tumour initiation phase has passed. Could 
it be that the MSCs, being immunosuppressive, dampen 
any inflammatory response that so often leads to tumour 
development in the colon [163, 164], but that excess 
anti-inflammatory signalling hinders the tumour-immune 
response? These models could represent the “elimination” 
phase of the tumour-immune response mentioned earlier. 
In the clinical setting colorectal tumours don’t usually 
develop quickly or in response to an acute chemical 
insult as provided by the DSS-AOM models, and perhaps 
MSCs are not recruited to the site until later on in the 
process in contrast to these studies where MSCs were 
administered in high numbers very early on in the process 
of tumour development (Figure 5). Further studies refining 
the precise contributions of MSCs to tumourigenesis 
at each stage of the cancer development process is 
vital, particularly when it is noted that MSCs are being 
investigated for their potential to therapeutically modulate 
inflammatory diseases of the intestine, including Crohn’s 
disease [165]. These data cited here could also suggest 
that the role of MSCs in the tumour microenvironment is 
tumour and context specific, highlighting the urgent need 
for standardised models.

More recent research has aimed to harness the 
tumour-homing property of MSCs to deliver cancer-
specific drug or gene therapy to patients, with some 
positive outcomes being observed [166-170]. This 
concept arose from MSCs remarkable ability to ‘home’ 
to tumours. In fact the first clinical trial using MSCs as 
an anti-cancer therapy is currently underway in Germany 
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(eudract_number:2012-003741-15). Although no results 
have been published to date, this is yet another interesting 
facet of the MSC-tumour story where the immunological 
consequences of MSCs may have more important effects. 
The rationale behind this study is to engineer a patient’s 
own MSCs to express therapeutic gene of interest and 
make use of the tumour-homing capacity of MSCs so as 
to allow for IV administration of the engineered MSCs 
[171] These MSCs will, however, also be transfected with 
a replication-incompetent and self-inactivating vector 
system so as to avoid any potential adverse effects of a 
bolus of MSCs being recruited to the TME, one of which 
effects would presumably include immunosuppression 
and potential tumour-immune evasion. [171]. This trial 
is based upon a number of pre-clinical studies showing 
potential efficacy in inhibiting tumour growth or metastasis 
of MSCs engineered to express anti-cancer therapies 
such as CX3CL-1, TRAIL and IFN-β [169, 172-174]. 
However, as with all pre-clinical studies, these results 
were obtained over a short period of time in animals with 
exogenously administered tumours displaying a much 
accelerated growth rate compared to that of patients. For 

these reasons, and the fact that the follow up periods in 
these studies were short, and thus limited the analysis of 
long term immunological consequences, these results must 
be interpreted with caution.

A final important aspect of CRC-MSC interactions 
is the potential impact that these cells could have on 
colorectal cancer therapy. Recent research has highlighted 
the ability of MSCs to contribute to resistance to 
chemotherapeutics in both haematological malignancies 
and solid tumours [175-177]. In CRC 5-Fluorouracil (5-
FU) is one of the first-line therapies for metastatic disease 
[178]. However, it has now been shown that a population 
of bone-marrow MSCs exist that are both potently 
immunosuppressive and 5-FU resistant, a dangerous 
combination in the context of CRC chemotherapy [179]. 
Difficulties also arise with the use of radiotherapy [180]. 
MSCs have been shown to be radio-resistant [181, 
182] and so could withstand such therapy and retain 
their tumour-conditioned phenotype, thus potentially 
contributing to disease relapse. 

Table 2: Key under-explored areas of research into the effects exerted by stromal cells in the tumour microenvironment.
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FUTURE PERSPECTIVES

Following review of recent publications as detailed 
here, it is clear that the impact of tumour-educated 
MSCs on the immune system plays a significant role 
in MSC-mediated tumour promotion. The putative 
mechanisms of this element of assisted immune escape 
are elucidated, albeit with varied results as to particular 
mechanisms responsible. Nevertheless, key areas in 
which gaps remain in our knowledge include the precise 
mechanisms by which tumours recruit MSCs, or activate 
tissue resident MSCs, the identification of specific 
markers to reliably identify and quantify MSCs in the 
tumour microenvironment, the precise mechanisms by 
which tumour-educated MSCs influence immune cell 
components and the mechanism of release, uptake and 
consequent signalling induced by extracellular vesicles by 
both MSCs and tumour cells, not to mention determining 
the actual content of these vesicles.

Furthermore, as was noted by Khong and Restifo 
in their review of tumour-escape phenotypes in 2002 
[183], all of these results must be interpreted with caution. 
These studies are carried out in mice that have been 
administered a high dose of potent, fast growing, often 
allogeneic, tumour cells, and very often a similarly high 
dose of MSCs, and so the results from these studies cannot 
be interpreted as accurately representing what is often 
the very slow and poorly understood process of cancer 
development in humans. These words of caution point 
to an ever increasing need for more relevant pre-clinical 
models of spontaneous tumour development in future 
studies. Together, with more sensitive imaging systems, 
the role of MSCs in spontaneous tumour development, will 
certainly unfold in the near future. Until these questions 
are answered and data is available from human specimens, 
the use of MSCs as a cellular therapy for patients with 
a genetic predisposition or those at an inherent increased 
risk for tumour development must be translated with great 
caution. Finally, to date, no therapies routinely used in 
colorectal cancer treatment specifically target stromal cell 
mediated immunomodulation. A better understanding of 
the albeit complex interactions underpinning these effects 
and a broadening of our understanding of how to identify 
these cells and characterise their interactions with other 
components of the TME will undoubtedly lead to the 
development of more targeted and efficacious anti-cancer 
therapeutics.

CONFLICTS OF INTEREST

There is no conflict of interest.

REFERENCES

1. Ferlay J SI, Ervik M, Dikshit R, Eser S, Mathers C, Rebelo 
M, Parkin DM, Forman D, Bray, F. GLOBOCAN 2012 

v1.0, Cancer Incidence and Mortality Worldwide: IARC 
CancerBase No. 11 [Internet].Lyon, France: International 
Agency for Research on Cancer; 2013. Available from: 
http://globocan.iarc.fr, accessed on 12/08/2015. doi: 

2. Siegel R, Desantis C, Jemal A. Colorectal cancer statistics, 
2014. CA Cancer J Clin. 2014; 64: 104-17. doi: 10.3322/
caac.21220.

3. Brenner H, Kloor M, Pox CP. Colorectal cancer. Lancet. 
2014; 383: 1490-502. doi: 10.1016/S0140-6736(13)61649-
9.

4. Compton CC, Greene FL. The staging of colorectal cancer: 
2004 and beyond. CA Cancer J Clin. 2004; 54: 295-308. 
doi: 

5. Deschoolmeester V, Baay M, Lardon F, Pauwels P, 
Peeters M. Immune Cells in Colorectal Cancer: Prognostic 
Relevance and Role of MSI. Cancer Microenviron. 2011; 4: 
377-92. doi: 10.1007/s12307-011-0068-5.

6. Boland CR, Goel A. Microsatellite instability in colorectal 
cancer. Gastroenterology. 2010; 138: 2073-87 e3. doi: 
10.1053/j.gastro.2009.12.064.

7. Paget S. The distribution of secondary growths in cancer of 
the breast. 1889. Cancer Metastasis Rev. 1989; 8: 98-101. 
doi: 

8. Hanahan D, Coussens LM. Accessories to the crime: 
functions of cells recruited to the tumor microenvironment. 
Cancer Cell. 2012; 21: 309-22. doi: 10.1016/j.
ccr.2012.02.022.

9. Liotta LA, Kohn EC. The microenvironment of the 
tumour-host interface. Nature. 2001; 411: 375-9. doi: 
10.1038/35077241.

10. Gout S, Huot J. Role of cancer microenvironment in 
metastasis: focus on colon cancer. Cancer Microenviron. 
2008; 1: 69-83. doi: 10.1007/s12307-008-0007-2.

11. Weber CE, Kuo PC. The tumor microenvironment. Surg 
Oncol. 2012; 21: 172-7. doi: 10.1016/j.suronc.2011.09.001.

12. Mbeunkui F, Johann DJ. Cancer and the tumor 
microenvironment: a review of an essential relationship. 
Cancer Chemother Pharmacol. 2009; 63: 571-82. doi: 
10.1007/s00280-008-0881-9.

13. Kalluri R, Zeisberg M. Fibroblasts in cancer. Nat Rev 
Cancer. 2006; 6: 392-401. doi: 10.1038/nrc1877.

14. Condeelis J, Pollard JW. Macrophages: obligate partners for 
tumor cell migration, invasion, and metastasis. Cell. 2006; 
124: 263-6. doi: 10.1016/j.cell.2006.01.007.

15. Owens BM. Inflammation, Innate Immunity, and 
the Intestinal Stromal Cell Niche: Opportunities and 
Challenges. Front Immunol. 2015; 6: 319. doi: 10.3389/
fimmu.2015.00319.

16. Erices A, Conget P, Minguell JJ. Mesenchymal progenitor 
cells in human umbilical cord blood. Br J Haematol. 2000; 
109: 235-42. doi: 

17. Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI, 
Mizuno H, Alfonso ZC, Fraser JK, Benhaim P, Hedrick 
MH. Human adipose tissue is a source of multipotent stem 



Oncotarget17www.impactjournals.com/oncotarget

cells. Mol Biol Cell. 2002; 13: 4279-95. doi: 10.1091/mbc.
E02-02-0105.

18. Alge DL, Zhou D, Adams LL, Wyss BK, Shadday MD, 
Woods EJ, Gabriel Chu TM, Goebel WS. Donor-matched 
comparison of dental pulp stem cells and bone marrow-
derived mesenchymal stem cells in a rat model. J Tissue 
Eng Regen Med. 2010; 4: 73-81. doi: 10.1002/term.220.

19. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach 
I, Marini F, Krause D, Deans R, Keating A, Prockop D, 
Horwitz E. Minimal criteria for defining multipotent 
mesenchymal stromal cells. The International Society for 
Cellular Therapy position statement. Cytotherapy. 2006; 8: 
315-7. doi: 10.1080/14653240600855905.

20. Peister A, Mellad JA, Larson BL, Hall BM, Gibson LF, 
Prockop DJ. Adult stem cells from bone marrow (MSCs) 
isolated from different strains of inbred mice vary in 
surface epitopes, rates of proliferation, and differentiation 
potential. Blood. 2004; 103: 1662-8. doi: 10.1182/
blood-2003-09-3070.

21. NIH. (2014). Clinical trials registry.
22. Tögel F, Hu Z, Weiss K, Isaac J, Lange C, Westenfelder 

C. Administered mesenchymal stem cells protect against 
ischemic acute renal failure through differentiation-
independent mechanisms. Am J Physiol Renal Physiol. 
2005; 289: F31-42. doi: 10.1152/ajprenal.00007.2005.

23. Hofstetter CP, Schwarz EJ, Hess D, Widenfalk J, El 
Manira A, Prockop DJ, Olson L. Marrow stromal cells 
form guiding strands in the injured spinal cord and promote 
recovery. Proc Natl Acad Sci U S A. 2002; 99: 2199-204. 
doi: 10.1073/pnas.042678299.

24. Bernardo ME, Fibbe WE. Mesenchymal stromal cells: 
sensors and switchers of inflammation. Cell Stem Cell. 
2013; 13: 392-402. doi: 10.1016/j.stem.2013.09.006.

25. Horwitz EM, Prockop DJ, Fitzpatrick LA, Koo WW, 
Gordon PL, Neel M, Sussman M, Orchard P, Marx JC, 
Pyeritz RE, Brenner MK. Transplantability and therapeutic 
effects of bone marrow-derived mesenchymal cells in 
children with osteogenesis imperfecta. Nat Med. 1999; 5: 
309-13. doi: 10.1038/6529.

26. English K, Barry FP, Field-Corbett CP, Mahon BP. 
IFN-gamma and TNF-alpha differentially regulate 
immunomodulation by murine mesenchymal stem 
cells. Immunol Lett. 2007; 110: 91-100. doi: 10.1016/j.
imlet.2007.04.001.

27. Sheng H, Wang Y, Jin Y, Zhang Q, Zhang Y, Wang L, 
Shen B, Yin S, Liu W, Cui L, Li N. A critical role of 
IFNgamma in priming MSC-mediated suppression of T 
cell proliferation through up-regulation of B7-H1. Cell Res. 
2008; 18: 846-57. doi: 10.1038/cr.2008.80.

28. Peddareddigari VG, Wang D, Dubois RN. The tumor 
microenvironment in colorectal carcinogenesis. Cancer 
Microenviron. 2010; 3: 149-66. doi: 10.1007/s12307-010-
0038-3.

29. Mishra PJ, Humeniuk R, Medina DJ, Alexe G, Mesirov JP, 

Ganesan S, Glod JW, Banerjee D. Carcinoma-associated 
fibroblast-like differentiation of human mesenchymal stem 
cells. Cancer Res. 2008; 68: 4331-9. doi: 10.1158/0008-
5472.CAN-08-0943.

30. Cirri P, Chiarugi P. Cancer associated fibroblasts: the dark 
side of the coin. Am J Cancer Res. 2011; 1: 482-97. doi: 

31. Spaeth EL, Dembinski JL, Sasser AK, Watson K, Klopp 
A, Hall B, Andreeff M, Marini F. Mesenchymal stem cell 
transition to tumor-associated fibroblasts contributes to 
fibrovascular network expansion and tumor progression. 
PLoS One. 2009; 4: e4992. doi: 10.1371/journal.
pone.0004992.

32. Direkze NC, Alison MR. Bone marrow and tumour stroma: 
an intimate relationship. Hematol Oncol. 2006; 24: 189-95. 
doi: 10.1002/hon.788.

33. Direkze NC, Hodivala-Dilke K, Jeffery R, Hunt T, 
Poulsom R, Oukrif D, Alison MR, Wright NA. Bone 
marrow contribution to tumor-associated myofibroblasts 
and fibroblasts. Cancer Res. 2004; 64: 8492-5. doi: 
10.1158/0008-5472.CAN-04-1708.

34. Erez N, Truitt M, Olson P, Arron ST, Hanahan D. Cancer-
Associated Fibroblasts Are Activated in Incipient Neoplasia 
to Orchestrate Tumor-Promoting Inflammation in an NF-
kappaB-Dependent Manner. Cancer Cell. 2010; 17: 135-47. 
doi: 10.1016/j.ccr.2009.12.041.

35. Micke P, Ostman A. Tumour-stroma interaction: cancer-
associated fibroblasts as novel targets in anti-cancer 
therapy? Lung Cancer. 2004; 45 Suppl 2: S163-75. doi: 
10.1016/j.lungcan.2004.07.977.

36. Houlihan DD, Mabuchi Y, Morikawa S, Niibe K, Araki 
D, Suzuki S, Okano H, Matsuzaki Y. Isolation of mouse 
mesenchymal stem cells on the basis of expression of Sca-
1 and PDGFR-alpha. Nat Protoc. 2012; 7: 2103-11. doi: 
10.1038/nprot.2012.125.

37. Koliaraki V, Pasparakis M, Kollias G. IKKbeta in intestinal 
mesenchymal cells promotes initiation of colitis-associated 
cancer. J Exp Med. 2015; 212: 2235-51. doi: 10.1084/
jem.20150542.

38. Pallangyo CK, Ziegler PK, Greten FR. IKKbeta acts as a 
tumor suppressor in cancer-associated fibroblasts during 
intestinal tumorigenesis. J Exp Med. 2015; 212: 2253-66. 
doi: 10.1084/jem.20150576.

39. Osterreicher CH, Penz-Osterreicher M, Grivennikov 
SI, Guma M, Koltsova EK, Datz C, Sasik R, Hardiman 
G, Karin M, Brenner DA. Fibroblast-specific protein 1 
identifies an inflammatory subpopulation of macrophages 
in the liver. Proc Natl Acad Sci U S A. 2011; 108: 308-13. 
doi: 10.1073/pnas.1017547108.

40. Nakagawa H, Liyanarachchi S, Davuluri RV, Auer H, 
Martin EW, de la Chapelle A, Frankel WL. Role of cancer-
associated stromal fibroblasts in metastatic colon cancer to 
the liver and their expression profiles. Oncogene. 2004; 23: 
7366-77. doi: 10.1038/sj.onc.1208013.

41. Nagasaki T, Hara M, Nakanishi H, Takahashi H, Sato 



Oncotarget18www.impactjournals.com/oncotarget

M, Takeyama H. Interleukin-6 released by colon cancer-
associated fibroblasts is critical for tumour angiogenesis: 
anti-interleukin-6 receptor antibody suppressed 
angiogenesis and inhibited tumour-stroma interaction. Br J 
Cancer. 2014; 110: 469-78. doi: 10.1038/bjc.2013.748.

42. Zhang Y, Tang H, Cai J, Zhang T, Guo J, Feng D, Wang Z. 
Ovarian cancer-associated fibroblasts contribute to epithelial 
ovarian carcinoma metastasis by promoting angiogenesis, 
lymphangiogenesis and tumor cell invasion. Cancer Lett. 
2011; 303: 47-55. doi: 10.1016/j.canlet.2011.01.011.

43. De Wever O, Demetter P, Mareel M, Bracke M. Stromal 
myofibroblasts are drivers of invasive cancer growth. Int J 
Cancer. 2008; 123: 2229-38. doi: 10.1002/ijc.23925.

44. Olumi AF, Grossfeld GD, Hayward SW, Carroll PR, Tlsty 
TD, Cunha GR. Carcinoma-associated fibroblasts direct 
tumor progression of initiated human prostatic epithelium. 
Cancer Res. 1999; 59: 5002-11. doi: 

45. Peng Y, Li Z, Yang P, Newton IP, Ren H, Zhang L, 
Wu H. Direct contact with colon cancer cells regulates 
differentiation of bone marrow mesenchymal stem cells 
into tumor associated fibroblasts. Biochem Biophys Res 
Commun. 2014. doi: 10.1016/j.bbrc.2014.07.074.

46. Shinagawa K, Kitadai Y, Tanaka M, Sumida T, Kodama M, 
Higashi Y, Tanaka S, Yasui W, Chayama K. Mesenchymal 
stem cells enhance growth and metastasis of colon cancer. 
Int J Cancer. 2010; 127: 2323-33. doi: 10.1002/ijc.25440.

47. Madar S, Goldstein I, Rotter V. ‘Cancer associated 
fibroblasts’—more than meets the eye. Trends Mol Med. 
2013; 19: 447-53. doi: 10.1016/j.molmed.2013.05.004.

48. Wang Y, Chen X, Cao W, Shi Y. Plasticity of mesenchymal 
stem cells in immunomodulation: pathological and 
therapeutic implications. Nat Immunol. 2014; 15: 1009-16. 
doi: 10.1038/ni.3002.

49. Calon A, Espinet E, Palomo-Ponce S, Tauriello DV, Iglesias 
M, Cespedes MV, Sevillano M, Nadal C, Jung P, Zhang 
XH, Byrom D, Riera A, Rossell D, et al. Dependency of 
colorectal cancer on a TGF-beta-driven program in stromal 
cells for metastasis initiation. Cancer Cell. 2012; 22: 571-
84. doi: 10.1016/j.ccr.2012.08.013.

50. Hoogduijn MJ. Are mesenchymal stromal cells immune 
cells? Arthritis Res Ther. 2015; 17: 88. doi: 10.1186/
s13075-015-0596-3.

51. Kraman M, Bambrough PJ, Arnold JN, Roberts EW, 
Magiera L, Jones JO, Gopinathan A, Tuveson DA, Fearon 
DT. Suppression of antitumor immunity by stromal cells 
expressing fibroblast activation protein-alpha. Science. 
2010; 330: 827-30. doi: 10.1126/science.1195300.

52. Feig C, Jones JO, Kraman M, Wells RJ, Deonarine A, 
Chan DS, Connell CM, Roberts EW, Zhao Q, Caballero 
OL, Teichmann SA, Janowitz T, Jodrell DI, et al. Targeting 
CXCL12 from FAP-expressing carcinoma-associated 
fibroblasts synergizes with anti-PD-L1 immunotherapy in 
pancreatic cancer. Proc Natl Acad Sci U S A. 2013; 110: 
20212-7. doi: 10.1073/pnas.1320318110.

53. Dorronsoro A, Ferrin I, Salcedo JM, Jakobsson E, 
Fernandez-Rueda J, Lang V, Sepulveda P, Fechter K, 
Pennington D, Trigueros C. Human mesenchymal stromal 
cells modulate T-cell responses through TNF-alpha-
mediated activation of NF-kappaB. Eur J Immunol. 2014; 
44: 480-8. doi: 10.1002/eji.201343668.

54. Mounayar M, Kefaloyianni E, Smith B, Solhjou Z, Maarouf 
OH, Azzi J, Chabtini L, Fiorina P, Kraus M, Briddell R, 
Fodor W, Herrlich A, Abdi R. PI3kalpha and STAT1 
Interplay Regulates Human Mesenchymal Stem Cell 
Immune Polarization. Stem Cells. 2015; 33: 1892-901. doi: 
10.1002/stem.1986.

55. Hartnett L, Egan LJ. Inflammation, DNA methylation and 
colitis-associated cancer. Carcinogenesis. 2012; 33: 723-31. 
doi: 10.1093/carcin/bgs006.

56. Wallach D, Kang TB, Kovalenko A. Concepts of tissue 
injury and cell death in inflammation: a historical 
perspective. Nat Rev Immunol. 2014; 14: 51-9. doi: 
10.1038/nri3561.

57. Dvorak HF. Tumors: wounds that do not heal. Similarities 
between tumor stroma generation and wound healing. 
N Engl J Med. 1986; 315: 1650-9. doi: 10.1056/
NEJM198612253152606.

58. Ben-Neriah Y, Karin M. Inflammation meets cancer, with 
NF-kappaB as the matchmaker. Nat Immunol. 2011; 12: 
715-23. doi: 10.1038/ni.2060.

59. Foran E, Garrity-Park MM, Mureau C, Newell J, 
Smyrk TC, Limburg PJ, Egan LJ. Upregulation of DNA 
methyltransferase-mediated gene silencing, anchorage-
independent growth, and migration of colon cancer cells 
by interleukin-6. Mol Cancer Res. 2010; 8: 471-81. doi: 
10.1158/1541-7786.MCR-09-0496.

60. Ryan AE, Colleran A, O’Gorman A, O’Flynn L, Pindjacova 
J, Lohan P, O’Malley G, Nosov M, Mureau C, Egan LJ. 
Targeting colon cancer cell NF-κB promotes an anti-tumour 
M1-like macrophage phenotype and inhibits peritoneal 
metastasis. Oncogene. 2014; 0. doi: 10.1038/onc.2014.86.

61. Colleran A, Ryan A, O’Gorman A, Mureau C, Liptrot 
C, Dockery P, Fearnhead H, Egan LJ. Autophagosomal 
IkappaB alpha degradation plays a role in the long 
term control of tumor necrosis factor-alpha-induced 
nuclear factor-kappaB (NF-kappaB) activity. J 
Biol Chem. 2011; 286: 22886-93. doi: 10.1074/jbc.
M110.199950M110.199950 [pii].

62. Gilbert S, Zhang R, Denson L, Moriggl R, Steinbrecher 
K, Shroyer N, Lin J, Han X. Enterocyte STAT5 promotes 
mucosal wound healing via suppression of myosin 
light chain kinase-mediated loss of barrier function and 
inflammation. EMBO Mol Med. 2012; 4: 109-24. doi: 
10.1002/emmm.201100192.

63. Karin M. NF-kappaB as a critical link between 
inflammation and cancer. Cold Spring Harb Perspect Biol. 
2009; 1: a000141. doi: 10.1101/cshperspect.a000141.

64. Wong CK, Wang CB, Ip WK, Tian YP, Lam CW. Role of 



Oncotarget19www.impactjournals.com/oncotarget

p38 MAPK and NF-kB for chemokine release in coculture 
of human eosinophils and bronchial epithelial cells. Clin 
Exp Immunol. 2005; 139: 90-100. doi: 10.1111/j.1365-
2249.2005.02678.x.

65. Rovin BH, Dickerson JA, Tan LC, Hebert CA. Activation 
of nuclear factor-kappa B correlates with MCP-1 expression 
by human mesangial cells. Kidney Int. 1995; 48: 1263-71. 
doi: 

66. Helbig G, Christopherson KW, 2nd, Bhat-Nakshatri 
P, Kumar S, Kishimoto H, Miller KD, Broxmeyer HE, 
Nakshatri H. NF-kappaB promotes breast cancer cell 
migration and metastasis by inducing the expression of 
the chemokine receptor CXCR4. J Biol Chem. 2003; 278: 
21631-8. doi: 10.1074/jbc.M300609200.

67. Maroni P, Bendinelli P, Matteucci E, Desiderio MA. HGF 
induces CXCR4 and CXCL12-mediated tumor invasion 
through Ets1 and NF-kappaB. Carcinogenesis. 2007; 28: 
267-79. doi: 10.1093/carcin/bgl129.

68. Shi M, Li J, Liao L, Chen B, Li B, Chen L, Jia H, Zhao RC. 
Regulation of CXCR4 expression in human mesenchymal 
stem cells by cytokine treatment: role in homing efficiency 
in NOD/SCID mice. Haematologica. 2007; 92: 897-904. 
doi: 

69. Gao H, Priebe W, Glod J, Banerjee D. Activation of signal 
transducers and activators of transcription 3 and focal 
adhesion kinase by stromal cell-derived factor 1 is required 
for migration of human mesenchymal stem cells in response 
to tumor cell-conditioned medium. Stem Cells. 2009; 27: 
857-65. doi: 10.1002/stem.23.

70. Dwyer RM, Potter-Beirne SM, Harrington KA, Lowery AJ, 
Hennessy E, Murphy JM, Barry FP, O’Brien T, Kerin MJ. 
Monocyte chemotactic protein-1 secreted by primary breast 
tumors stimulates migration of mesenchymal stem cells. 
Clin Cancer Res. 2007; 13: 5020-7. doi: 10.1158/1078-
0432.CCR-07-0731.

71. Hu Y, Cheng P, Xue YX, Liu YH. Glioma cells promote 
the expression of vascular cell adhesion molecule-1 on 
bone marrow-derived mesenchymal stem cells: a possible 
mechanism for their tropism toward gliomas. J Mol 
Neurosci. 2012; 48: 127-35. doi: 10.1007/s12031-012-
9784-7.

72. Uchibori R, Tsukahara T, Mizuguchi H, Saga Y, Urabe 
M, Mizukami H, Kume A, Ozawa K. NF-kappaB activity 
regulates mesenchymal stem cell accumulation at tumor 
sites. Cancer Res. 2013; 73: 364-72. doi: 10.1158/0008-
5472.CAN-12-0088.

73. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 
2000; 100: 57-70. doi: 

74. Liu Y, Han ZP, Zhang SS, Jing YY, Bu XX, Wang CY, Sun 
K, Jiang GC, Zhao X, Li R, Gao L, Zhao QD, Wu MC, et 
al. Effects of inflammatory factors on mesenchymal stem 
cells and their role in the promotion of tumor angiogenesis 
in colon cancer. J Biol Chem. 2011; 286: 25007-15. doi: 
10.1074/jbc.M110.213108M110.213108 [pii].

75. De Boeck A, Pauwels P, Hensen K, Rummens JL, 
Westbroek W, Hendrix A, Maynard D, Denys H, Lambein 
K, Braems G, Gespach C, Bracke M, De Wever O. 
Bone marrow-derived mesenchymal stem cells promote 
colorectal cancer progression through paracrine neuregulin 
1/HER3 signalling. Gut. 2013; 62: 550-60. doi: 10.1136/
gutjnl-2011-301393.

76. Hogan NM, Joyce MR, Murphy JM, Barry FP, O’Brien 
T, Kerin MJ, Dwyer RM. Impact of mesenchymal stem 
cell secreted PAI-1 on colon cancer cell migration and 
proliferation. Biochem Biophys Res Commun. 2013; 
435: 574-9. doi: 10.1016/j.bbrc.2013.05.013S0006-
291X(13)00783-3 [pii].

77. Lin JT, Wang JY, Chen MK, Chen HC, Chang TH, Su BW, 
Chang PJ. Colon cancer mesenchymal stem cells modulate 
the tumorigenicity of colon cancer through interleukin 
6. Exp Cell Res. 2013; 319: 2216-29. doi: 10.1016/j.
yexcr.2013.06.003.

78. Huang WH, Chang MC, Tsai KS, Hung MC, Chen HL, 
Hung SC. Mesenchymal stem cells promote growth and 
angiogenesis of tumors in mice. Oncogene. 2013; 32: 4343-
54. doi: 10.1038/onc.2012.458.

79. Hogan NM, Dwyer RM, Joyce MR, Kerin MJ. 
Mesenchymal stem cells in the colorectal tumor 
microenvironment: recent progress and implications. Int J 
Cancer. 2012; 131: 1-7. doi: 10.1002/ijc.27458.

80. Dunn GP, Old LJ, Schreiber RD. The immunobiology of 
cancer immunosurveillance and immunoediting. Immunity. 
2004; 21: 137-48. doi: 10.1016/j.immuni.2004.07.01
7S1074761304002092 [pii].

81. Dunn GP, Old LJ, Schreiber RD. The three Es of cancer 
immunoediting. Annu Rev Immunol. 2004; 22: 329-60. doi: 
10.1146/annurev.immunol.22.012703.104803.

82. Shankaran V, Ikeda H, Bruce AT, White JM, Swanson 
PE, Old LJ, Schreiber RD. IFNgamma and lymphocytes 
prevent primary tumour development and shape tumour 
immunogenicity. Nature. 2001; 410: 1107-11. doi: 
10.1038/35074122.

83. Matsushita H, Vesely MD, Koboldt DC, Rickert CG, 
Uppaluri R, Magrini VJ, Arthur CD, White JM, Chen YS, 
Shea LK, Hundal J, Wendl MC, Demeter R, et al. Cancer 
exome analysis reveals a T-cell-dependent mechanism 
of cancer immunoediting. Nature. 2012; 482: 400-4. doi: 
10.1038/nature10755.

84. DuPage M, Mazumdar C, Schmidt LM, Cheung AF, Jacks 
T. Expression of tumour-specific antigens underlies cancer 
immunoediting. Nature. 2012; 482: 405-9. doi: 10.1038/
nature10803.

85. Garcia-Lora A, Algarra I, Garrido F. MHC class I antigens, 
immune surveillance, and tumor immune escape. J Cell 
Physiol. 2003; 195: 346-55. doi: 10.1002/jcp.10290.

86. Garrido F, Ruiz-Cabello F, Cabrera T, Pérez-Villar JJ, 
López-Botet M, Duggan-Keen M, Stern PL. Implications 
for immunosurveillance of altered HLA class I phenotypes 



Oncotarget20www.impactjournals.com/oncotarget

in human tumours. Immunol Today. 1997; 18: 89-95. doi: 
87. Restifo NP, Esquivel F, Kawakami Y, Yewdell JW, Mulé 

JJ, Rosenberg SA, Bennink JR. Identification of human 
cancers deficient in antigen processing. J Exp Med. 1993; 
177: 265-72. doi: 

88. Ren G, Zhang L, Zhao X, Xu G, Zhang Y, Roberts AI, 
Zhao RC, Shi Y. Mesenchymal stem cell-mediated 
immunosuppression occurs via concerted action of 
chemokines and nitric oxide. Cell Stem Cell. 2008; 2: 141-
50. doi: 10.1016/j.stem.2007.11.014.

89. Di Nicola M, Carlo-Stella C, Magni M, Milanesi M, 
Longoni PD, Matteucci P, Grisanti S, Gianni AM. Human 
bone marrow stromal cells suppress T-lymphocyte 
proliferation induced by cellular or nonspecific mitogenic 
stimuli. Blood. 2002; 99: 3838-43. doi: 

90. Bartholomew A, Sturgeon C, Siatskas M, Ferrer K, 
McIntosh K, Patil S, Hardy W, Devine S, Ucker D, Deans 
R, Moseley A, Hoffman R. Mesenchymal stem cells 
suppress lymphocyte proliferation in vitro and prolong skin 
graft survival in vivo. Exp Hematol. 2002; 30: 42-8. doi: 

91. Le Blanc K, Tammik L, Sundberg B, Haynesworth SE, 
Ringdén O. Mesenchymal stem cells inhibit and stimulate 
mixed lymphocyte cultures and mitogenic responses 
independently of the major histocompatibility complex. 
Scand J Immunol. 2003; 57: 11-20. doi: 

92. Patel SA, Meyer JR, Greco SJ, Corcoran KE, Bryan M, 
Rameshwar P. Mesenchymal stem cells protect breast 
cancer cells through regulatory T cells: role of mesenchymal 
stem cell-derived TGF-beta. J Immunol. 2010; 184: 5885-
94. doi: 10.4049/jimmunol.0903143.

93. Ljujic B, Milovanovic M, Volarevic V, Murray B, 
Bugarski D, Przyborski S, Arsenijevic N, Lukic ML, 
Stojkovic M. Human mesenchymal stem cells creating an 
immunosuppressive environment and promote breast cancer 
in mice. Sci Rep. 2013; 3: 2298. doi: 10.1038/srep02298.

94. Ling W, Zhang J, Yuan Z, Ren G, Zhang L, Chen X, 
Rabson AB, Roberts AI, Wang Y, Shi Y. Mesenchymal 
Stem Cells Use IDO to Regulate Immunity in Tumor 
Microenvironment. Cancer Res. 2014. doi: 10.1158/0008-
5472.CAN-13-1656.

95. Lamagna C, Aurrand-Lions M, Imhof BA. Dual role of 
macrophages in tumor growth and angiogenesis. J Leukoc 
Biol. 2006; 80: 705-13. doi: 10.1189/jlb.1105656.

96. Asano K, Nabeyama A, Miyake Y, Qiu CH, Kurita A, 
Tomura M, Kanagawa O, Fujii S, Tanaka M. CD169-
positive macrophages dominate antitumor immunity by 
crosspresenting dead cell-associated antigens. Immunity. 
2011; 34: 85-95. doi: 10.1016/j.immuni.2010.12.011.

97. Cook J, Hagemann T. Tumour-associated macrophages 
and cancer. Curr Opin Pharmacol. 2013; 13: 595-601. doi: 
10.1016/j.coph.2013.05.017.

98. Mantovani A. MSCs, macrophages, and cancer: a dangerous 
ménage-à-trois. Cell Stem Cell. 2012; 11: 730-2. doi: 
10.1016/j.stem.2012.11.016.

99. Mantovani A, Biswas SK, Galdiero MR, Sica A, Locati M. 
Macrophage plasticity and polarization in tissue repair and 
remodelling. J Pathol. 2013; 229: 176-85. doi: 10.1002/
path.4133.

100. Cho DI, Kim MR, Jeong HY, Jeong HC, Jeong MH, Yoon 
SH, Kim YS, Ahn Y. Mesenchymal stem cells reciprocally 
regulate the M1/M2 balance in mouse bone marrow-derived 
macrophages. Exp Mol Med. 2014; 46: e70. doi: 10.1038/
emm.2013.135.

101. Ren G, Zhao X, Wang Y, Zhang X, Chen X, Xu C, Yuan 
ZR, Roberts AI, Zhang L, Zheng B, Wen T, Han Y, Rabson 
AB, et al. CCR2-dependent recruitment of macrophages by 
tumor-educated mesenchymal stromal cells promotes tumor 
development and is mimicked by TNFα. Cell Stem Cell. 
2012; 11: 812-24. doi: 10.1016/j.stem.2012.08.013.

102. Siebert H, Sachse A, Kuziel WA, Maeda N, Brück W. 
The chemokine receptor CCR2 is involved in macrophage 
recruitment to the injured peripheral nervous system. J 
Neuroimmunol. 2000; 110: 177-85. doi: 

103. Zhang QZ, Su WR, Shi SH, Wilder-Smith P, Xiang AP, 
Wong A, Nguyen AL, Kwon CW, Le AD. Human gingiva-
derived mesenchymal stem cells elicit polarization of m2 
macrophages and enhance cutaneous wound healing. Stem 
Cells. 2010; 28: 1856-68. doi: 10.1002/stem.503.

104. De Palma M, Lewis CE. Macrophage regulation of tumor 
responses to anticancer therapies. Cancer Cell. 2013; 23: 
277-86. doi: 10.1016/j.ccr.2013.02.013.

105. Chang AY, Bhattacharya N, Mu J, Setiadi AF, Carcamo-
Cavazos V, Lee GH, Simons DL, Yadegarynia S, Hemati K, 
Kapelner A, Ming Z, Krag DN, Schwartz EJ, et al. Spatial 
organization of dendritic cells within tumor draining lymph 
nodes impacts clinical outcome in breast cancer patients. 
J Transl Med. 2013; 11: 242. doi: 10.1186/1479-5876-11-
242.

106. Iwamoto M, Shinohara H, Miyamoto A, Okuzawa M, 
Mabuchi H, Nohara T, Gon G, Toyoda M, Tanigawa 
N. Prognostic value of tumor-infiltrating dendritic cells 
expressing CD83 in human breast carcinomas. Int J Cancer. 
2003; 104: 92-7. doi: 10.1002/ijc.10915.

107. Vivier E, Ugolini S, Blaise D, Chabannon C, Brossay L. 
Targeting natural killer cells and natural killer T cells in 
cancer. Nat Rev Immunol. 2012; 12: 239-52. doi: 10.1038/
nri3174.

108. Guermonprez P, Valladeau J, Zitvogel L, Thery C, 
Amigorena S. Antigen presentation and T cell stimulation 
by dendritic cells. Annu Rev Immunol. 2002; 20: 621-67. 
doi: 10.1146/annurev.immunol.20.100301.064828.

109. Aggarwal S, Pittenger MF. Human mesenchymal stem cells 
modulate allogeneic immune cell responses. Blood. 2005; 
105: 1815-22. doi: 10.1182/blood-2004-04-1559.

110. Chan AT, Giovannucci EL, Meyerhardt JA, Schernhammer 
ES, Curhan GC, Fuchs CS. Long-term use of aspirin 
and nonsteroidal anti-inflammatory drugs and risk of 
colorectal cancer. JAMA. 2005; 294: 914-23. doi: 10.1001/



Oncotarget21www.impactjournals.com/oncotarget

jama.294.8.914.
111. Flossmann E, Rothwell PM, British Doctors Aspirin 

T, the UKTIAAT. Effect of aspirin on long-term risk of 
colorectal cancer: consistent evidence from randomised 
and observational studies. Lancet. 2007; 369: 1603-13. doi: 
10.1016/S0140-6736(07)60747-8.

112. Friis S, Poulsen AH, Sorensen HT, Tjonneland A, Overvad 
K, Vogel U, McLaughlin JK, Blot WJ, Olsen JH. Aspirin 
and other non-steroidal anti-inflammatory drugs and risk 
of colorectal cancer: a Danish cohort study. Cancer Causes 
Control. 2009; 20: 731-40. doi: 10.1007/s10552-008-9286-
7.

113. Koehne CH, Dubois RN. COX-2 inhibition and colorectal 
cancer. Semin Oncol. 2004; 31: 12-21. doi: 

114. Wang D, Dubois RN. The role of COX-2 in intestinal 
inflammation and colorectal cancer. Oncogene. 2010; 29: 
781-8. doi: 10.1038/onc.2009.421.

115. Spaggiari GM, Capobianco A, Abdelrazik H, Becchetti F, 
Mingari MC, Moretta L. Mesenchymal stem cells inhibit 
natural killer-cell proliferation, cytotoxicity, and cytokine 
production: role of indoleamine 2,3-dioxygenase and 
prostaglandin E2. Blood. 2008; 111: 1327-33. doi: 10.1182/
blood-2007-02-074997.

116. Spaggiari GM, Abdelrazik H, Becchetti F, Moretta L. MSCs 
inhibit monocyte-derived DC maturation and function by 
selectively interfering with the generation of immature 
DCs: central role of MSC-derived prostaglandin E2. Blood. 
2009; 113: 6576-83. doi: 10.1182/blood-2009-02-203943.

117. Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor 
cells as regulators of the immune system. Nat Rev Immunol. 
2009; 9: 162-74. doi: 10.1038/nri2506.

118. Giallongo C, Tibullo D, Parrinello NL, La Cava P, Di Rosa 
M, Bramanti V, Di Raimondo C, Conticello C, Chiarenza 
A, Palumbo GA, Avola R, Romano A, Di Raimondo 
F. Granulocyte-like myeloid derived suppressor cells 
(G-MDSC) are increased in multiple myeloma and are 
driven by dysfunctional mesenchymal stem cells (MSC). 
Oncotarget. 2016. doi: 10.18632/oncotarget.7969.

119. Marvel D, Gabrilovich DI. Myeloid-derived suppressor cells 
in the tumor microenvironment: expect the unexpected. J 
Clin Invest. 2015; 125: 3356-64. doi: 10.1172/JCI80005.

120. Yen BL, Yen ML, Hsu PJ, Liu KJ, Wang CJ, Bai CH, 
Sytwu HK. Multipotent human mesenchymal stromal 
cells mediate expansion of myeloid-derived suppressor 
cells via hepatocyte growth factor/c-met and STAT3. 
Stem Cell Reports. 2013; 1: 139-51. doi: 10.1016/j.
stemcr.2013.06.006.

121. Lee HJ, Ko JH, Jeong HJ, Ko AY, Kim MK, Wee WR, 
Yoon SO, Oh JY. Mesenchymal stem/stromal cells protect 
against autoimmunity via CCL2-dependent recruitment of 
myeloid-derived suppressor cells. J Immunol. 2015; 194: 
3634-45. doi: 10.4049/jimmunol.1402139.

122. Galdiero MR, Bonavita E, Barajon I, Garlanda C, 
Mantovani A, Jaillon S. Tumor associated macrophages and 

neutrophils in cancer. Immunobiology. 2013; 218: 1402-10. 
doi: 10.1016/j.imbio.2013.06.003.

123. Wright HL, Moots RJ, Bucknall RC, Edwards SW. 
Neutrophil function in inflammation and inflammatory 
diseases. Rheumatology (Oxford). 2010; 49: 1618-31. doi: 
10.1093/rheumatology/keq045.

124. Maqbool M, Vidyadaran S, George E, Ramasamy R. 
Human mesenchymal stem cells protect neutrophils from 
serum-deprived cell death. Cell Biol Int. 2011; 35: 1247-51. 
doi: 10.1042/CBI20110070.

125. Zhang X, Zhu Q, Yuan X, Qian H, Xu W. Mesenchymal 
stem cells in cancer: a new link to neutrophils. Cancer Cell 
& Microenvironment. 2014; 1. doi: 

126. Fridlender ZG, Albelda SM. Tumor-associated neutrophils: 
friend or foe? Carcinogenesis. 2012; 33: 949-55. doi: 
10.1093/carcin/bgs123.

127. Meisel R, Zibert A, Laryea M, Gobel U, Daubener W, Dilloo 
D. Human bone marrow stromal cells inhibit allogeneic 
T-cell responses by indoleamine 2,3-dioxygenase-mediated 
tryptophan degradation. Blood. 2004; 103: 4619-21. doi: 
10.1182/blood-2003-11-39092003-11-3909 [pii].

128. Krampera M, Cosmi L, Angeli R, Pasini A, Liotta F, 
Andreini A, Santarlasci V, Mazzinghi B, Pizzolo G, 
Vinante F, Romagnani P, Maggi E, Romagnani S, et al. 
Role for interferon-gamma in the immunomodulatory 
activity of human bone marrow mesenchymal stem cells. 
Stem Cells. 2006; 24: 386-98. doi: 2005-0008 [pii] 10.1634/
stemcells.2005-0008.

129. Ren G, Su J, Zhang L, Zhao X, Ling W, L’huillie A, Zhang 
J, Lu Y, Roberts AI, Ji W, Zhang H, Rabson AB, Shi Y. 
Species variation in the mechanisms of mesenchymal stem 
cell-mediated immunosuppression. Stem Cells. 2009; 27: 
1954-62. doi: 10.1002/stem.118.

130. Chinnadurai R, Copland IB, Patel SR, Galipeau J. IDO-
Independent Suppression of T Cell Effector Function by 
IFN-γ-Licensed Human Mesenchymal Stromal Cells. J 
Immunol. 2014. doi: 10.4049/jimmunol.1301828.

131. Coussens LM, Werb Z. Inflammation and cancer. Nature. 
2002; 420: 860-7. doi: 10.1038/nature01322.

132. Han Z, Tian Z, Lv G, Zhang L, Jiang G, Sun K, Wang C, 
Bu X, Li R, Shi Y, Wu M, Wei L. Immunosuppressive 
effect of bone marrow-derived mesenchymal stem cells in 
inflammatory microenvironment favours the growth of B16 
melanoma cells. J Cell Mol Med. 2011; 15: 2343-52. doi: 
10.1111/j.1582-4934.2010.01215.x.

133. Nakamizo A, Marini F, Amano T, Khan A, Studeny 
M, Gumin J, Chen J, Hentschel S, Vecil G, Dembinski 
J, Andreeff M, Lang FF. Human bone marrow-derived 
mesenchymal stem cells in the treatment of gliomas. Cancer 
Res. 2005; 65: 3307-18. doi: 10.1158/0008-5472.CAN-04-
1874.

134. Kolluri KK, Laurent GJ, Janes SM. Mesenchymal stem 
cells as vectors for lung cancer therapy. Respiration. 2013; 
85: 443-51. doi: 10.1159/000351284.



Oncotarget22www.impactjournals.com/oncotarget

135. Djouad F, Plence P, Bony C, Tropel P, Apparailly F, Sany 
J, Noel D, Jorgensen C. Immunosuppressive effect of 
mesenchymal stem cells favors tumor growth in allogeneic 
animals. Blood. 2003; 102: 3837-44. doi: 10.1182/
blood-2003-04-11932003-04-1193 [pii].

136. Malygin AM, Meri S, Timonen T. Regulation of natural 
killer cell activity by transforming growth factor-beta and 
prostaglandin E2. Scand J Immunol. 1993; 37: 71-6. doi: 

137. Hadrup S, Donia M, Thor Straten P. Effector CD4 and 
CD8 T cells and their role in the tumor microenvironment. 
Cancer Microenviron. 2013; 6: 123-33. doi: 10.1007/
s12307-012-0127-6.

138. Johnson BF, Clay TM, Hobeika AC, Lyerly HK, 
Morse MA. Vascular endothelial growth factor and 
immunosuppression in cancer: current knowledge and 
potential for new therapy. Expert Opin Biol Ther. 2007; 7: 
449-60. doi: 10.1517/14712598.7.4.449.

139. Johnson B, Osada T, Clay T, Lyerly H, Morse M. 
Physiology and therapeutics of vascular endothelial growth 
factor in tumor immunosuppression. Curr Mol Med. 2009; 
9: 702-7. doi: 

140. Pinchuk IV, Saada JI, Beswick EJ, Boya G, Qiu SM, 
Mifflin RC, Raju GS, Reyes VE, Powell DW. PD-1 ligand 
expression by human colonic myofibroblasts/fibroblasts 
regulates CD4+ T-cell activity. Gastroenterology. 2008; 
135: 1228-37, 37 e1-2. doi: 10.1053/j.gastro.2008.07.016.

141. Francois M, Romieu-Mourez R, Stock-Martineau S, Boivin 
MN, Bramson JL, Galipeau J. Mesenchymal stromal cells 
cross-present soluble exogenous antigens as part of their 
antigen-presenting cell properties. Blood. 2009; 114: 2632-
8. doi: 10.1182/blood-2009-02-207795.

142. Chan JL, Tang KC, Patel AP, Bonilla LM, Pierobon N, 
Ponzio NM, Rameshwar P. Antigen-presenting property of 
mesenchymal stem cells occurs during a narrow window at 
low levels of interferon-gamma. Blood. 2006; 107: 4817-
24. doi: 10.1182/blood-2006-01-0057.

143. Stagg J, Pommey S, Eliopoulos N, Galipeau J. Interferon-
gamma-stimulated marrow stromal cells: a new type of 
nonhematopoietic antigen-presenting cell. Blood. 2006; 
107: 2570-7. doi: 10.1182/blood-2005-07-2793.

144. Owens BM, Steevels TA, Dudek M, Walcott D, Sun MY, 
Mayer A, Allan P, Simmons A. CD90(+) Stromal Cells are 
Non-Professional Innate Immune Effectors of the Human 
Colonic Mucosa. Front Immunol. 2013; 4: 307. doi: 
10.3389/fimmu.2013.00307.

145. Simons M, Raposo G. Exosomes—vesicular carriers for 
intercellular communication. Curr Opin Cell Biol. 2009; 
21: 575-81. doi: 10.1016/j.ceb.2009.03.007.

146. Thery C, Zitvogel L, Amigorena S. Exosomes: composition, 
biogenesis and function. Nat Rev Immunol. 2002; 2: 569-
79. doi: 10.1038/nri855.

147. Yu B, Zhang X, Li X. Exosomes derived from mesenchymal 
stem cells. Int J Mol Sci. 2014; 15: 4142-57. doi: 10.3390/
ijms15034142.

148. Johnstone RM, Adam M, Hammond JR, Orr L, Turbide 
C. Vesicle formation during reticulocyte maturation. 
Association of plasma membrane activities with released 
vesicles (exosomes). J Biol Chem. 1987; 262: 9412-20. doi: 

149. van Niel G, Porto-Carreiro I, Simoes S, Raposo G. 
Exosomes: a common pathway for a specialized function. J 
Biochem. 2006; 140: 13-21. doi: 10.1093/jb/mvj128.

150. Lakkaraju A, Rodriguez-Boulan E. Itinerant exosomes: 
emerging roles in cell and tissue polarity. Trends Cell Biol. 
2008; 18: 199-209. doi: 10.1016/j.tcb.2008.03.002.

151. Haga H, Yan IK, Takahashi K, Wood J, Zubair A, Patel 
T. Tumour cell-derived extracellular vesicles interact with 
mesenchymal stem cells to modulate the microenvironment 
and enhance cholangiocarcinoma growth. J Extracell 
Vesicles. 2015; 4: 24900. doi: 10.3402/jev.v4.24900.

152. Acharyya S, Oskarsson T, Vanharanta S, Malladi S, 
Kim J, Morris PG, Manova-Todorova K, Leversha M, 
Hogg N, Seshan VE, Norton L, Brogi E, Massague J. A 
CXCL1 paracrine network links cancer chemoresistance 
and metastasis. Cell. 2012; 150: 165-78. doi: 10.1016/j.
cell.2012.04.042.

153. Tsang JY, Ni YB, Chan SK, Shao MM, Kwok YK, Chan 
KW, Tan PH, Tse GM. CX3CL1 expression is associated 
with poor outcome in breast cancer patients. Breast Cancer 
Res Treat. 2013; 140: 495-504. doi: 10.1007/s10549-013-
2653-4.

154. Webber JP, Spary LK, Sanders AJ, Chowdhury R, Jiang 
WG, Steadman R, Wymant J, Jones AT, Kynaston H, 
Mason MD, Tabi Z, Clayton A. Differentiation of tumour-
promoting stromal myofibroblasts by cancer exosomes. 
Oncogene. 2015; 34: 290-302. doi: 10.1038/onc.2013.560.

155. Huber V, Fais S, Iero M, Lugini L, Canese P, Squarcina P, 
Zaccheddu A, Colone M, Arancia G, Gentile M, Seregni 
E, Valenti R, Ballabio G, et al. Human colorectal cancer 
cells induce T-cell death through release of proapoptotic 
microvesicles: role in immune escape. Gastroenterology. 
2005; 128: 1796-804. doi: 

156. Valenti R, Huber V, Filipazzi P, Pilla L, Sovena G, Villa 
A, Corbelli A, Fais S, Parmiani G, Rivoltini L. Human 
tumor-released microvesicles promote the differentiation 
of myeloid cells with transforming growth factor-beta-
mediated suppressive activity on T lymphocytes. Cancer 
Res. 2006; 66: 9290-8. doi: 10.1158/0008-5472.CAN-06-
1819.

157. Zhu W, Huang L, Li Y, Zhang X, Gu J, Yan Y, Xu X, Wang 
M, Qian H, Xu W. Exosomes derived from human bone 
marrow mesenchymal stem cells promote tumor growth 
in vivo. Cancer Lett. 2012; 315: 28-37. doi: 10.1016/j.
canlet.2011.10.002.

158. Ono M, Kosaka N, Tominaga N, Yoshioka Y, Takeshita F, 
Takahashi RU, Yoshida M, Tsuda H, Tamura K, Ochiya 
T. Exosomes from bone marrow mesenchymal stem cells 
contain a microRNA that promotes dormancy in metastatic 
breast cancer cells. Sci Signal. 2014; 7: ra63. doi: 10.1126/
scisignal.2005231.



Oncotarget23www.impactjournals.com/oncotarget

159. Christianson HC, Svensson KJ, van Kuppevelt TH, Li JP, 
Belting M. Cancer cell exosomes depend on cell-surface 
heparan sulfate proteoglycans for their internalization and 
functional activity. Proc Natl Acad Sci U S A. 2013; 110: 
17380-5. doi: 10.1073/pnas.1304266110.

160. Nasuno M, Arimura Y, Nagaishi K, Isshiki H, Onodera 
K, Nakagaki S, Watanabe S, Idogawa M, Yamashita 
K, Naishiro Y, Adachi Y, Suzuki H, Fujimiya M, et al. 
Mesenchymal stem cells cancel azoxymethane-induced 
tumor initiation. Stem Cells. 2014; 32: 913-25. doi: 
10.1002/stem.1594.

161. Chen Z, He X, Chen X, Lin X, Zou Y, Wu X, Lan P. 
Bone marrow mesenchymal stem cells ameliorate colitis-
associated tumorigenesis in mice. Biochem Biophys Res 
Commun. 2014. doi: 10.1016/j.bbrc.2014.07.002.

162. Tanaka T, Kohno H, Suzuki R, Yamada Y, Sugie S, Mori H. 
A novel inflammation-related mouse colon carcinogenesis 
model induced by azoxymethane and dextran sodium 
sulfate. Cancer Sci. 2003; 94: 965-73. doi: 

163. Grivennikov SI. Inflammation and colorectal cancer: colitis-
associated neoplasia. Semin Immunopathol. 2013; 35: 229-
44. doi: 10.1007/s00281-012-0352-6.

164. Terzić J, Grivennikov S, Karin E, Karin M. Inflammation 
and colon cancer. Gastroenterology. 2010; 138: 2101-14.e5. 
doi: 10.1053/j.gastro.2010.01.058.

165. Dalal J, Gandy K, Domen J. Role of mesenchymal stem cell 
therapy in Crohn’s disease. Pediatr Res. 2012; 71: 445-51. 
doi: 10.1038/pr.2011.56.

166. Chen X, Lin X, Zhao J, Shi W, Zhang H, Wang Y, Kan B, 
Du L, Wang B, Wei Y, Liu Y, Zhao X. A tumor-selective 
biotherapy with prolonged impact on established metastases 
based on cytokine gene-engineered MSCs. Mol Ther. 2008; 
16: 749-56. doi: 10.1038/mt.2008.3.

167. Kosaka H, Ichikawa T, Kurozumi K, Kambara H, Inoue 
S, Maruo T, Nakamura K, Hamada H, Date I. Therapeutic 
effect of suicide gene-transferred mesenchymal stem cells 
in a rat model of glioma. Cancer Gene Ther. 2012; 19: 572-
8. doi: 10.1038/cgt.2012.35.

168. Xin H, Kanehira M, Mizuguchi H, Hayakawa T, 
Kikuchi T, Nukiwa T, Saijo Y. Targeted delivery of 
CX3CL1 to multiple lung tumors by mesenchymal 
stem cells. Stem Cells. 2007; 25: 1618-26. doi: 10.1634/
stemcells.2006-0461.

169. Studeny M, Marini FC, Dembinski JL, Zompetta C, 
Cabreira-Hansen M, Bekele BN, Champlin RE, Andreeff 
M. Mesenchymal stem cells: potential precursors for tumor 
stroma and targeted-delivery vehicles for anticancer agents. 
J Natl Cancer Inst. 2004; 96: 1593-603. doi: 10.1093/jnci/
djh299.

170. Mueller LP, Luetzkendorf J, Widder M, Nerger K, Caysa 
H, Mueller T. TRAIL-transduced multipotent mesenchymal 
stromal cells (TRAIL-MSC) overcome TRAIL resistance in 
selected CRC cell lines in vitro and in vivo. Cancer Gene 
Ther. 2011; 18: 229-39. doi: 10.1038/cgt.2010.68.

171. Niess H, von Einem JC, Thomas MN, Michl M, Angele 
MK, Huss R, Gunther C, Nelson PJ, Bruns CJ, Heinemann 
V. Treatment of advanced gastrointestinal tumors with 
genetically modified autologous mesenchymal stromal cells 
(TREAT-ME1): study protocol of a phase I/II clinical trial. 
BMC Cancer. 2015; 15: 237. doi: 10.1186/s12885-015-
1241-x.

172. Xin H, Sun R, Kanehira M, Takahata T, Itoh J, Mizuguchi 
H, Saijo Y. Intratracheal delivery of CX3CL1-expressing 
mesenchymal stem cells to multiple lung tumors. Mol Med. 
2009; 15: 321-7. doi: 10.2119/molmed.2009.00059.

173. Loebinger MR, Eddaoudi A, Davies D, Janes SM. 
Mesenchymal stem cell delivery of TRAIL can eliminate 
metastatic cancer. Cancer Res. 2009; 69: 4134-42. doi: 
10.1158/0008-5472.CAN-08-4698.

174. Studeny M, Marini FC, Champlin RE, Zompetta C, Fidler 
IJ, Andreeff M. Bone marrow-derived mesenchymal stem 
cells as vehicles for interferon-beta delivery into tumors. 
Cancer Res. 2002; 62: 3603-8. doi: 

175. Chen DR, Lu DY, Lin HY, Yeh WL. Mesenchymal stem 
cell-induced doxorubicin resistance in triple negative 
breast cancer. Biomed Res Int. 2014; 2014: 532161. doi: 
10.1155/2014/532161.

176. Houthuijzen JM, Daenen LG, Roodhart JM, Voest EE. 
The role of mesenchymal stem cells in anti-cancer drug 
resistance and tumour progression. Br J Cancer. 2012; 106: 
1901-6. doi: 10.1038/bjc.2012.201.

177. Roodhart JM, Daenen LG, Stigter EC, Prins HJ, Gerrits J, 
Houthuijzen JM, Gerritsen MG, Schipper HS, Backer MJ, 
van Amersfoort M, Vermaat JS, Moerer P, Ishihara K, et al. 
Mesenchymal stem cells induce resistance to chemotherapy 
through the release of platinum-induced fatty acids. Cancer 
Cell. 2011; 20: 370-83. doi: 10.1016/j.ccr.2011.08.010.

178. Douillard JY, Cunningham D, Roth AD, Navarro M, James 
RD, Karasek P, Jandik P, Iveson T, Carmichael J, Alakl 
M, Gruia G, Awad L, Rougier P. Irinotecan combined with 
fluorouracil compared with fluorouracil alone as first-line 
treatment for metastatic colorectal cancer: a multicentre 
randomised trial. Lancet. 2000; 355: 1041-7. doi: 

179. Oh DY, Cui P, Hosseini H, Mosse J, Toh BH, Chan J. 
Potently immunosuppressive 5-fluorouracil-resistant 
mesenchymal stromal cells completely remit an 
experimental autoimmune disease. J Immunol. 2012; 188: 
2207-17. doi: 10.4049/jimmunol.1101040.

180. Glimelius B. Radiotherapy in rectal cancer. British Medical 
Bulletin. 2002; 64: 141-57. doi: Doi 10.1093/Bmb/64.1.141.

181. Sugrue T, Brown JA, Lowndes NF, Ceredig R. Multiple 
facets of the DNA damage response contribute to the 
radioresistance of mouse mesenchymal stromal cell lines. 
Stem Cells. 2013; 31: 137-45. doi: 10.1002/stem.1222.

182. Sugrue T, Lowndes NF, Ceredig R. Mesenchymal stromal 
cells: radio-resistant members of the bone marrow. Immunol 
Cell Biol. 2013; 91: 5-11. doi: 10.1038/icb.2012.61.

183. Khong HT, Restifo NP. Natural selection of tumor variants 



Oncotarget24www.impactjournals.com/oncotarget

in the generation of “tumor escape” phenotypes. Nat 
Immunol. 2002; 3: 999-1005. doi: 10.1038/ni1102-999.


