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Abstract 

The colon tumour microenvironment is highly stromal in composition and a 

greater stromal cell density correlates with a poor prognosis for patients. 

The majority of these stromal cells are of mesenchymal origin (MSCs) and 

are known contributors to tumour angiogenesis and invasiveness. Little is 

known about the role of their immunosuppressive potential in the TME. We 

investigated the molecular regulation of the induced immunosuppressive, 

tumour-promoting phenotype of tumour-associated MSCs, and the effect of 

inflammation on this process. Balb/c bone marrow derived MSCs were 

treated with conditioned medium from untreated CT26 tumour cells 

(MSCTCM) or TNF-α treated CT26 cells (MSCTNF-TCM), resulting in increased 

expression of TCR ligands MHC-I, MHC-II and PD-L1 compared to MSCControl. 

This was significantly enhanced by TNF-α induced tumour cell inflammation. 

MSCTCM co-cultured with syngeneic activated T cells displayed an enhanced 

ability to suppress CD8+ T cell proliferation, which was further potentiated 

by inflammatory activation of CT26 (MSCTNF-TCM). This effect was dependent 

on induced PD-L1 expression on MSCs as PD-1 blockade restored CD8+ T cell 

proliferation and granzyme B secretion. In an immunocompetent Balb/c 

syngeneic model, we assessed tumour growth and anti-tumour immune 

responses following sub-cutaneous injection of CT26 cells alone or co-

injection with MSCControl or MSCTNF-TCM. Co-injection of MSCControl significantly 

promoted tumour growth, and this was further potentiated by the co-

injection of MSCTNF-TCM. We showed that this stromal cell mediated tumour 

promotion could be reversed by administration of a PD-1 blocking antibody, 

via restoration of granzyme B secreting CD8+ T cells. Furthermore, we 

validated our findings by microarray profiling of clinical samples from human 

colon cancer patients, and we show that the phenomenon of stromal cell 

PD-L1 induction in response to the inflammatory tumour secretome holds 

true in the human system. Together, this data shows for the first time that 

stromal cells in the tumour microenvironment directly modulate anti-

tumour immune responses via PD-L1. This data will lead to better 
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stratification of patients for immunotherapeutic regimens resulting in more 

targeted and durable responses. 
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CHAPTER ONE 

Introduction  
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INTRODUCTION 

 

1.1 Colorectal Tumour Microenvironment 

 

Worldwide colorectal cancer (CRC) is the third most common cancer 

diagnosed in men, and the second most common in women (Ferlay J). In 

2014 in the US alone, an estimated 130,000 people were diagnosed with 

colorectal cancer, with 50,000 deaths from the disease (Siegel et al., 2014). 

This case is similar in Ireland with 2,500 people diagnosed with colorectal 

cancer each year here (IrishCancerSociety, 2017). Colorectal cancer 

develops slowly, beginning with adenoma and progressing over several 

years to carcinoma (Brenner et al., 2014). Although the stages of colorectal 

cancer may be defined (Compton and Greene, 2004), the origins of the 

disease are numerous and multifactorial. Microsatellite instability is 

detected in about 15% of colorectal 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 (Deschoolmeester et al., 

2011). As such, these tumours area characterised by a larger lymphocyte 

infiltrate and better prognosis for the patient (Deschoolmeester et al., 2011, 

Boland and Goel, 2010). In fact, it has been demonstrated in colon cancer 

patients, that the type, density and location of immune cells within the 

colorectal tumour is predictive of clinical outcome (Galon et al., 2006). Colon 

cancer patients without tumour recurrence were shown to have higher 

immune cell densities (CD3+, CD8+, granzyme B+) than those patients whose 

tumours recurred after treatment (Galon et al., 2006). These observations 

highlight the need to better understand the mechanisms that drive an 

immunosuppressive microenvironment in colorectal cancer. 

Most deaths in colorectal cancer are due to the presence of metastatic 

disease (Riihimaki et al., 2016). Tumour growth and metastasis are 

promoted by factors in the vicinity of the tumour, known as the tumour 
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microenvironment. The “seed and soil” hypothesis was  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 (Paget, 1989). 

It is now widely accepted that the microenvironment within which a tumour 

grows is critical to its survival and progression (Hanahan and Coussens, 

2012). The tumour microenvironment is composed of many cell types 

including endothelial cells, immune cells, fibroblasts and more (Liotta and 

Kohn, 2001, Gout and Huot, 2008, Weber and Kuo, 2012, Mbeunkui and 

Johann, 2009). These constituents serve in many ways to aid the survival and 

growth of the tumour through activities including secreting factors 

necessary for angiogenesis, evasion of tumour cell apoptosis, or enabling 

tumours to evade the immune system detection and elimination (Gout and 

Huot, 2008, Kalluri and Zeisberg, 2006, Condeelis and Pollard, 2006). More 

recently, a newer accomplice to the crime has been identified - the 

mesenchymal stromal cell (MSC). In fact, both the healthy colon, and colon 

tumour microenvironment are highly stromal in nature, with a majority of 

this stromal compartment being of mesenchymal origin (Owens, 2015). For 

this reason, the stromal compartment is now beginning to be investigated in 

order to better understand its role in promoting tumour growth and 

metastasis. In fact, significant evidence now exists to show that the stromal 

compartment plays a significant role in promoting colon cancer progression 

(Isella et al., 2015). It also been reliably shown that a higher stromal cell 

density correlates with the development of a more aggressive and invasive 

tumour, with the net result being a much poorer prognosis for patients 

(Vellinga et al., 2016, Chen et al., 2015, West et al., 2010, Calon et al., 2015). 

Furthermore, stromal cells are potent modulators of the various 

components that make up the anti-tumour immune response, and have the 

capacity to skew this response in a direction that favours tumour growth and 

progression (Turley et al., 2015). Considering the high density of stromal cells 

in the healthy colon and colon tumour microenvironment, it is likely that 

these stromal cells have a central and important role in modulating anti-

tumour immune responses and aiding tumour promotion. However, the 
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mechanisms underlying this process are poorly understood at present and 

so opportunities for therapeutic targeting of this critical compartment of the 

tumour microenvironment remain limited. (Owens et al., 2013, West et al., 

2010). A better understanding of the precise mechanism of 

immunomodulation   by the stromal compartment in this microenvironment 

will undoubtedly lead to the development of better and more targeted 

immunotherapies and improved outcomes for patients. 

 

 

1.1.1 The stromal compartment as a physical and functional barrier for 

the anti-tumour immune response 

 

The stromal compartment in a solid tumour such as that of the colon is 

located adjacent to both the cancerous epithelium and the colonic 

vasculature and lymphatic network, and so represents a physical barrier to 

entry for immune cells in response to inflammation or epithelial 

transformation (Turley et al., 2015). In addition to their structural role, these 

cells have been shown to produce soluble mediators and express proteins 

that can influence immune and epithelial cells in diseased tissue (Han et al., 

2011). The interactions between these stromal cells and various 

components of the innate and adaptive immune system will be discussed in 

detail further on in this chapter. However, while some progress has been 

made in beginning to understand the mechanisms underpinning the 

interactions between MSCs and immune cells, the role of these stromal cells 

in modulating the immune response in the tumour microenvironment, and 

the influence of the tumour secretome on this capability is unknown. The 

research described in this thesis will address this knowledge gap and 

demonstrate an important, previously undescribed role for tumour-

conditioned stromal cells in modulating the T cell mediated anti-tumour 

immune response. 
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Figure 1.1. The tumour stromal compartment The stromal compartment acts as 

both a physical and functional barrier to entry for anti-tumour immune cells given 

(1) Its positioning between the vasculature and malignant tumour cells and (2) the 

potent immunomodulatory potential of stromal cells and cancer-associated 

fibroblasts 

 

 

1.1.2 Mesenchymal stromal cells and Cancer-associated fibroblasts – one 

and the same 

 

Mesenchymal stromal cells are non-haematopoietic multipotent adult 

stromal cells which display a fibroblast-like morphology. Mesenchymal 

stromal cells reside in the bone marrow, but are also found in adipose tissue, 

umbilical cord blood, and dental pulp (Erices et al., 2000, Zuk et al., 2002, 

Alge et al., 2010), and support  homeostasis in healthy tissue during 

regeneration and wound healing. Mesenchymal stromal cells are defined ex 
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vivo by the following basal cell surface protein expression: CD45- CD31- 

CD34- CD14- CD11b- DC79α- CD19- MHC-II- and MHC-I+ CD105+, CD90+ and 

CD73+, as well as their ability of tri-lineage differentiation i.e. differentiation 

to osteoblasts, adipocytes or chondrocytes (Dominici et al., 2006, Ryan et 

al., 2005). While MSCs from other species share the characteristics of tissue 

culture plastic 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) (Peister et al., 2004). In addition to these 

characteristics, 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) (NIH, 2014). Attributes that make 

MSCs attractive as an immunomodulatory therapy include their ability of 

MSCs to home to the sites of inflammation and injury and release growth 

factors or cytokines, to promote healing (Tögel et al., 2005, Hofstetter et al., 

2002), to dampen inflammation  (Bernardo and Fibbe, 2013) or to 

differentiate into various types of damaged tissues (Horwitz et al., 1999). 

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 (English et al., 2007, Sheng et al., 

2008) . 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 (Peddareddigari et al., 2010) 

 

 

1.1.3 The tumour stromal compartment 
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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), myofibroblasts, myeloid cells, 

endothelial cells and MSCs (Hanahan and Coussens, 2012). Recently, it has 

been demonstrated that MSCs are precursors to cancer-associated 

fibroblasts (Figure 1) and the two cell types have been shown to express 

similar cell surface markers (Mishra et al., 2008, Cirri and Chiarugi, 2011, 

Spaeth et al., 2009). 

 

 

Figure 1.2 Mesenchymal stromal cells share cell surface markers with cancer-

associated fibroblasts and represent a precursor population for these cells. CAFs 

share a number of characteristics with mesenchymal stromal cells (MSCs) 

(highlighted in red text and box)  including the expression of platelet derived growth 

receptor (PDGFR)-α, and, upon isolation from a tumour MSCs have been shown to 
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express fibroblast-activating protein (FAP) and fibroblast-specific protein (FSP) the 

reported hallmarks of CAFs 

 

 

Fibroblasts are a population of non-vascular, non-epithelial, non-

inflammatory cells that form part of and help synthesise connective tissue 

(Kalluri and Zeisberg, 2006). Fibroblasts are known to play an active role in 

wound healing, and the activate fibroblasts found in the tumour 

microenvironment, CAFs, are believed to be of a similar “wound-heal-

promoting” phenotype (Kalluri and Zeisberg, 2006). Like MSCs, CAFs 

originate in the bone marrow (Mishra et al., 2008, Direkze and Alison, 2006, 

Direkze et al., 2004). In terms of cell surface marker expression, there are 

many similarities between MSCs and CAFs. MSCs present in the tumour 

microenvironment have been found to express fibroblast-activating protein 

(FAP) and fibroblast-specific protein (FSP), CAF-defining markers (Spaeth et 

al., 2009). 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 

(Erez et al., 2010, Micke and Ostman, 2004). This marker however, is not 

unique to fibroblasts, and is commonly used to purify murine bone marrow-

derived MSCs (Houlihan et al., 2012). (Table 1) 

 

In fact, no specific marker or group of markers or gene promoters are 

currently agreed upon to definitively identify tumour-associated 

mesenchymal stromal cells or cancer-associated fibroblasts. The lack of cell 

specific markers or promoters has even led to conflicting results in models 

of colitis associated cancer. To elucidate the role of IKKβ signalling in 

“intestinal mesenchymal cells” or “CAFs” and where one study found IKKβ in 

these cells to be tumour-promoting, the second found it to be anti-

tumourigenic (Koliaraki et al., 2015, Pallangyo et al., 2015) . 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 
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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. The lack of specificity in cell surface markers used to ascribe 

different populations of stromal cells in the tumour microenvironment has 

led to many disparities in assigning cellular functions to these populations. 

The disparity in these studies highlights the heterogeneity that exists in an 

environment like the intestine and demonstrates the importance in 

elucidating the role of each of these different populations in promoting 

tumourigenesis. 
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Study Cancer type Source of 
fibroblasts/ 
CAFs 

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

Nakagawa Metastatic 
colon cancer 

Fibroblasts 
isolated from 
3patients 
with liver 
metastasis 

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

Increased HCT116 proliferation in 
vivo 

- 

Nagasaki 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 

- 

Zhang 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 

- 

Olumi Prostate 
cancer 

Healthy 
fibroblasts 
from normal 

Negative for cytokeratin 
and positive for α-SMA and 

CAFs promoted tumour 
progression when grafted as 

- 
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human 
prostatic 
tissue, CAFs 
from 3 
prostate 
cancer 
patients 

vimentin 
(immunofluorescence) 

tissue recombinants into nude 
mice. 
Tissue recombinants + CAFs 
appeared metastatic, 
recombinants + normal fibroblasts 
appeared benign 

Direkze 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 

- 

Mishra 
 

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 

- 

Spaeth 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 

- 

Erez Squamous skin 
carcinoma 

CAFs isolated 
from mouse 

PDGFR- α (flow cytometry) Tumours co-injected with CAFs 
demonstrated enhanced growth 
and vascularisation 

Co-injection of CAFs 
resulted in increased 
recruitment of 
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dysplastic 
skin 

macrophages which 
supported increased 
tumour vascularisation 

Shainagawa 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 

- 

Koliaraki 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 
(intracellular 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 

Pallangyo 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 

- 
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Kraman Lewis lung 
carcinoma and 
pancreatic 
ductal 
adenocarcino
ma 

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 Pancreatic 
ductal 
adenocarcino
ma 

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 Colon cancer Human colon 
adenoma and 
carcinoma 
tissue 

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

- 

 

 

Table 1.1 Outline of specific cellular markers used to define the role of stromal cells in various cancers, and the observed 

effects of these cells 
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1.1.4 Cancer associated fibroblasts have direct tumour promoting abilities 
 

As well as sharing cell surface markers with MSCs, CAFs have also been 

shown to have tumour promoting properties in the tumour 

microenvironment. CAFs have been shown to influence the growth and 

progression of tumours (Nakagawa et al., 2004, Cirri and Chiarugi, 2011, 

Nagasaki et al., 2014, Zhang et al., 2011). 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 (De Wever et al., 2008, Olumi et al., 1999).  Conditioned 

medium from CAFs isolated from patients with metastatic colon cancer 

promote colon cancer cell proliferation to a greater extent thanj normal 

fibroblasts from the same organ (Nakagawa et al., 2004). MSCs exposed to 

the conditioned medium from tumours have also been found to exhibit a 

similar gene expression profile to CAFs (Mishra et al., 2008, Peng et al., 2014, 

Shinagawa et al., 2010, Spaeth et al., 2009). In colorectal cancer, the same 

effect has been demonstrated i.e. that MSCs co-injected with CRC cells 

expressed CAF-defining markers via TGF-β/SMAD signalling, an important 

cancer-promoting signalling pathway, and enhanced tumour growth (Peng 

et al., 2014, Shinagawa et al., 2010). 

 

A recent review by Madar et al., put forward the notion that “CAF” is a cell 

“state” rather than a cell type (Madar et al., 2013), and this also fits with the 

evidence 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 (Wang et al., 2014b). 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 differentiation of 

MSCs to a CAF-like phenotype (Calon et al., 2012). They also engineered CRC 

cell lines, which themselves display a mutational inactivation of the TGF-β 
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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 (Calon et al., 2012). 

 

 

1.1.5 Immunomodulatory role of cancer-associated fibroblasts 

 

Finally, MSCs have potent immunosuppressive capabilities and data shows 

that this property is maintained even as mesenchymal cells differentiate 

(Hoogduijn, 2015). As mentioned, 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 (Kraman et al., 2010).  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. Feig et al., saw a similar result when they eliminated CAFs from a 

model of pancreatic ductal adenocarcinoma (PDA) (Feig et al., 2013). They 

observed significantly slowed tumour growth upon depletion of FAP+ cells, 

but only in the presence of CD4+ and CD8+ T cells. This could be 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. While the limitations in 

defining exclusive cellular populations of mesenchymal origin has important 

implications in targeting these defined cell types in vivo, identification of 

common mechanisms of tumour promotion or immune modulation exerted 

by the stromal compartment in response to cues from the tumour, as 

investigated in this thesis, represents an alternative approach to 

understanding their individual cellular functions in the tumour 
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microenvironment and will aid in the development immunotherapeutic 

treatment strategies for patients. 

 

 

1.1.6 Recruitment of mesenchymal stromal cells to the tumour 

microenvironment 

 

Inflammation is the body’s response to tissue damage or injury (Hartnett and 

Egan, 2012, Wallach et al., 2014). The well-established link between chronic 

inflammation and the development of CRC gives weight to the notion that 

the tumour microenvironment is similar to that of a wound that does not 

heal (Dvorak, 1986, Ben-Neriah and Karin, 2011). In this sense, the factors 

that orchestrate recruitment of cells to the tumour microenvironment 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 have identified colon epithelial cell NF-κB, STAT3 and STAT6 

activation with the progression of chronic intestinal inflammation to overt 

CRC (Foran et al., 2010, Ben-Neriah and Karin, 2011, Ryan et al., 2014, 

Colleran et al., 2011). With regards colorectal cancer, NF-κB is of particular 

interest, and is accepted as being a “critical link” between inflammation and 

cancer, and also found to feature in the wound healing process (Ben-Neriah 

and Karin, 2011, Gilbert et al., 2012, Karin, 2009). Research on the 

recruitment of MSCs to tumour cells has identified various signalling 

molecules as important to the process. Many, if not most of these, including 

CXCR4, MCP-1 and VCAM-1, have links to NF-κB (Wong et al., 2005, Rovin et 

al., 1995, Helbig et al., 2003, Maroni et al., 2007, Shi et al., 2007, Gao et al., 

2009, Dwyer et al., 2007, Hu et al., 2012, Uchibori et al., 2013). 

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 (Shi et al., 2007). 
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This was confirmed by Gao et al., who identified SDF1 to be an important 

stimulus for MSCs to migrate towards tumour conditioned medium (Gao et 

al., 2009). 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 (Dwyer et al., 2007, Hu et al., 2012). 

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. 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   (Koliaraki 

et al., 2015) In the context of inflammation associated and spontaneous 

colorectal cancer, it is likely that there are multiple mechanisms involved in 

MSC recruitment to the tumour microenvironment. However, while precise 

mechanisms of recruitment remain elusive, it is well established that MSCs 

are indeed recruited to the tumour microenvironment and once there, act 

to alter tumour biology and aid in immune evasion. 

 

This activation of NF-κB can be induced by several ligands, most notably 

interleukin (IL)-1 and tumour necrosis factor(TNF)-α (Lawrence, 2009). TNF-

α in particular is of critical importance in the setting of colorectal cancer (Al 

Obeed et al., 2014, Min et al., 2014). Studies of tissue samples from 

colorectal cancer patients show a higher TNF-α expression in cancerous 

tissue compared to adjacent normal colonic tissue, and that higher levels of 

TNF-α correlate with advanced stages of the disease (Al Obeed et al., 2014). 

TNF-α mediates several key aspects of tumour progression including 

oncogene activation, DNA damage and metastasis. Most tumour cells which 

express TNF-α display constitutive NF-κB expression, which is, as mentioned, 

a key driver of carcinogenesis (Aggarwal et al., 2012). However, in addition 

to NF-κB, TNF-α can signal via other molecular pathways to induce 

apoptosis, as opposed to the pro-survival signals elicited by NF-κB signaling. 
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The balance between these two opposing signals appears to be of critical 

importance, but how this is achieved is not clear. The work described in this 

thesis will investigate the role of TNF-α in activating signaling pathways in 

colorectal cancer cells, and the effect of this signaling on the ability of these 

cancer cells to induce changes in stromal cell phenotype.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 TNF-α is a potent activator of the NF-κB signaling pathway, leading to 

cell survival Taken from (Faustman and Davis, 2010) 

 

1.1.7 Direct tumour promoting effects of mesenchymal stromal cells 

 

Differentiation towards CAFs aside, 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, 

namely evasion of apoptosis (Shinagawa et al., 2010), sustained 

angiogenesis (Shinagawa et al., 2010, Liu et al., 2011, De Boeck et al., 2013) 

and tissue invasion and metastasis (Shinagawa et al., 2010, Hogan et al., 

2013, De Boeck et al., 2013). 

Numerous mechanisms are responsible for the observed effects of MSCs on 

colon tumour activity. Hogan et al., found bone marrow derived MSC (BM-
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MSC)-secreted PAI-1 to be responsible for the increases they saw in HCT116 

and HT29 colon tumour cell migration in vitro (Hogan et al., 2013). 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 in tumours following C26 colon cancer cell and MSC co-

injection (Liu et al., 2011). Lin et al., showed that MSC-secreted IL-6 induced 

Notch1 and CD44 in HCT116 and increased the metastatic potential of 

tumours formed following co-injection of HCT116 and colon cancer-derived 

MSCs in Balb/c nu mice (Lin et al., 2013). 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 (De Boeck et al., 2013). 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 (Huang et al., 2013). A summary 

of these direct tumour promoting effects of stromal cells is outlined in Figure 

1.2 
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Figure 1.4 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 human epidermal growth factor (HER)2/3 receptor. The result of this signalling is 

activation of a number of pathways in the tumour, the net effect of which is tumour 

promotion 

 

 

1.2 Mesenchymal stromal cells involvement in modulating the anti-tumour 

immune response 

 

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 (Dunn et al., 

2004a, Dunn et al., 2004b). According to this theory, the immune system can 

protect the host by recognising immunogenic tumour cells and mounting a 
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T cell mediated response to actively eliminate these cells (the “elimination” 

phase) (Shankaran et al., 2001, Matsushita et al., 2012). 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) (Dunn et al., 2004b, Shankaran et al., 2001, DuPage et al., 2012). 

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 (Garcia-Lora et al., 2003, Garrido et al., 1997, Restifo 

et al., 1993). 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 (Ren et al., 2008, Di 

Nicola et al., 2002, Bartholomew et al., 2002, Le Blanc et al., 2003). In the 

colorectal tumour microenvironment, where inflammatory signalling is 

prevalent, it has been suggested that MSCs interact with immune cells, 

resulting in dampening of the anti-tumour responses and thereby promoting 

tumorigenesis (Patel et al., 2010, Ljujic et al., 2013, Ling et al., 2014). 

Numerous mechanisms have implicated in how MSCs modulate the immune 

components of the tumour microenvironment. 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 tumour microenvironment, MSC-

mediated 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. 

 

 

1.2.1 The influence of mesenchymal stromal cells on the innate immune 

response 
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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) (Lamagna et al., 2006). 

Additionally, macrophages have been shown to be capable of phagocytosing 

dead tumour cells and cross-presenting tumour antigen to CD8+ T cells 

(Asano et al., 2011) 

 

1.2.2 Mesenchymal stromal cell-induced polarisation of macrophages 

towards an M2 phenotype 

Evidence shows that MSCs can exert their tumour promoting effects by 

interacting with macrophages in the tumour microenvironment (Cook and 

Hagemann, 2013, Mantovani, 2012). 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 (Mantovani et al., 

2013). 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 (Cook and 

Hagemann, 2013, Mantovani, 2012). 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 

(Cho et al., 2014, Ryan et al., 2014), and this likely represents a second 

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 (Ren et al., 2012b). They also showed that 

these tumour-educated MSCs expressed high levels of CCR2, the major 

cytokine involved in monocyte chemotaxis (Siebert et al., 2000). Although 

these studies demonstrate the ability of MSCs to induce and M2 phenotype, 
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the factors responsible for this switching remain elusive. Factors implicated 

in this switching include soluble mediators such as CCR2, IL-6 and GM-CSF 

(Ren et al., 2012b, Zhang et al., 2010). M2-like macrophages could be 

important in the context of developing novel therapeutics or adjuncts to 

improve the efficacy of those currently used (Cook and Hagemann, 2013, De 

Palma and Lewis, 2013, Ryan et al., 2014). 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 advantageous for the 

development of cancer immunotherapy, the effect of which is largely 

dependent on enhancing the macrophage effector functions, including 

antibody dependent cellular cytotoxicity and phagocytosis. 

 

1.2.3 Mesenchymal stromal cells 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 (Chang et al., 2013, Iwamoto et al., 2003, Vivier et al., 2012). 

Furthermore, DCs and NK cells are also known important components of the 

colorectal tumour microenvironment (Peddareddigari et al., 2010). Tumour 

cell antigens, released either in the form of dying tumour cells or soluble 

antigen, can be endocytosed by dendritic cells in the tumour 

microenvironment. 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 (Guermonprez et al., 2002) 
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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 (Aggarwal 

and Pittenger, 2005). 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 (Chan et al., 2005, 

Flossmann et al., 2007, Friis et al., 2009) owing to their ability to inhibit 

cyclooxygenase (COX)-2, the enzyme that is responsible for the production 

of PGE2 from arachidonic acid (Koehne and Dubois, 2004, Wang and Dubois, 

2010). 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 likely prevalent in the colon tumour microenvironment (Spaggiari et 

al., 2008, Spaggiari et al., 2009). 

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 (Gabrilovich and Nagaraj, 

2009, Giallongo et al., 2016). MDSCs are described as having 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  

(Gabrilovich and Nagaraj, 2009, Marvel and Gabrilovich, 2015) . 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 the mechanisms mentioned above (Marvel and Gabrilovich, 

2015, Giallongo et al., 2016) 
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Further data suggests that the factors responsible for the accumulation of 

MDSCs in the tumour microenvironment include GM-CSF, G-CSF, M-CSF, all 

of which have been shown to be produced by MSCs, giving weight to the 

notion that MSCs could be responsible, at least in part, for the observed 

accumulation of MDSCs in the tumour (Marvel and Gabrilovich, 2015, 

Giallongo et al., 2016) 

Additional data has demonstrated that tumour-derived MSCs can have even 

more pronounced effects 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, once again potentially hampering 

any anti-tumour immune response generated in the host (Giallongo et al., 

2016, Yen et al., 2013, Lee et al., 2015a) 

Finally, a limited amount of data exists demonstrating a detrimental role for 

neutrophils in the tumour microenvironment in terms of promoting 

tumorigenesis and inhibiting apoptosis (Galdiero et al., 2013, Wright et al., 

2010). 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 (Maqbool et al., 2011, 

Zhang et al., 2014, Fridlender and Albelda, 2012) 

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 
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order to re-activate the host innate immune system to allow the generation 

of an effective anti-tumour immune response. 

 

1.2.4 The influence of mesenchymal stromal cells on the adaptive immune 

response 

Much of the evidence for MSC-mediated immunomodulation has focused 

on the effects of MSCs on the tumour- infiltration, proliferation and effector 

functions of T cells. There are several reasons for such a focus. Firstly, a 

strong correlation has been identified between a higher frequency of 

tumour infiltrating T cells and a positive prognosis for a patient in numerous 

malignancies including colorectal cancer (Hadrup et al., 2013, Azimi et al., 

2012, Gooden et al., 2011). This clearly points to an important role for T cells 

in leading the anti-tumour immune cell charge. In fact, it has now been 

suggested that the use of an “Immunoscore” is a robust predictor of disease 

progression and response to therapy in colorectal cancer patients than the 

traditional TNM (tumour burden, presence of tumour cells in lymph nodes, 

evidence of metastasis) tumour staging classification (Galon et al., 2012). 

Secondly, CD8+ cytotoxic T lymphocytes are capable of recognising, and 

directly killing tumour cells by release of TNF-α and IFN-γ, inducing apoptosis 

by engaging death receptors like Fas or by release of the cytotoxic protein 

perforin and protease granzyme B (Andersen et al., 2006). It has also been 

shown that CD4+ T cells have an important role to play in the anti-tumour 

immune response. In particular, the helper lineages of CD4+ T cells Th1 and 

Th2, have been investigated. Th1 cells produce IFN-γ, TNF-α, monocyte 

chemotactic protein-1 (MCP-1) and macrophage inflammatory protein-1α 

(MIP-1α), all of which can enhance CD8+ T cell responses and activate 

macrophages to carry out their effector functions (Kim and Cantor, 2014). A 

role for Th2 cells in inducing inflammatory responses within a tumour that 

result in necrosis has been identified, although the mechanism by which this 

occurs is unclear (Nishimura et al., 1999). It must, however, be noted that 
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CD4+ T cell responses are not always favourable in the tumour 

microenvironment. While T helper cells display anti-tumour immune 

activity, another subset of CD4+ T cells, T regulatory (Treg), which are 

responsible for maintaining immune homeostasis, have been identified as 

recruited to the tumour where they act to inhibit anti-tumour immune 

responses (Kim and Cantor, 2014). These cells may represent a potential 

target for the development of effective cancer immunotherapy. Finally, 

immunotherapies targeted towards inhibiting T cell checkpoints, and 

thereby “rec-activating” T cells and allowing them carry out their effector 

functions unimpeded, are having unprecedented clinical success, albeit it in 

a particular group of patients, a caveat which will be discussed in further 

detail below. The two most commonly targeted T cell receptors are cytotoxic 

T-lymphocyte-associated protein 4 (CTLA-4) and programmed death 

receptor 1 (PD-1) (Buchbinder and Desai, 2016).  Treatment with both drugs 

has been shown to prolong survival in some patients, with positive 

responses in patients treated with CTLA-4 antibody therapy lasting more 

than 3 years (Farolfi et al., 2012). Similarly durable responses are beginning 

to be reported for treatment with PD-1 antibody therapy, once again 

indicating a critical role for T cells in mediating anti-tumour immunity 

(Topalian et al., 2014, Wu, 2016). 

In light of this pivotal role for T cells as critical mediators of immune-

mediated tumour cell clearance, and the fact that the tumour 

microenvironment is highly stromal in nature with these stromal cells 

positioned between the vasculature from which the T cells must enter the 

tumour, and the transformed epithelium, the target of these cells, it is 

critical that we gain a better understanding of how the stroma can modulate 

the function of these T cells. To date, a number of important mechanisms by 

which MSCs interact with T cells have been elucidated, but their relevance 

to the setting of the tumour microenvironment, not least in the case of 

colorectal cancer, remains unclear. The research described in this thesis 

focuses on developing a better understanding of these cellular interactions 

in the setting of the tumour microenvironment and provides novel insights 
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into the mechanism by which tumour cells dictate the immunomodulatory 

fate of the stromal compartment. 

 

 

1.2.5 Mechanisms of MSC mediated T cell suppression 

 

The study of the interactions between MSCs and T cells has gained 

momentum in recent years. Early experiments by 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 

(Di Nicola et al., 2002). 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 (Meisel et al., 

2004, Krampera et al., 2006). These findings are complicated by the fact that 

they are only applicable to MSCs isolated from humans and non-human 

primates (Ren et al., 2009). When looking at rodent MSCs, IDO appears 

dispensable, with nitric oxide (NO) found to be responsible for T cell 

suppression in this setting (Ren et al., 2008, Ren et al., 2009). 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 PD-L1 (B7H1) and PD-L2 

(B7DC)/PD1 pathways was implicated in the ability of MSCs to suppress T 

cell function (Chinnadurai et al., 2014b). (This is an important pathway in the 

context of anti-tumour immune responses and the development of novel 

cancer immunotherapies and will be discussed in more detail below). 

While there are clearly numerous suggested mechanisms responsible for 

this suppressive effect, there is definitive evidence to show that MSCs inhibit 
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T cell proliferation, but only following T cell activation, proliferation, and 

subsequent cytokine production, in particular IFN-γ (Ren et al., 2008, 

Krampera et al., 2006). T cell stimulation is a common feature of an 

inflammatory tumour microenvironment (Coussens and Werb, 2002). 

Furthermore, studies indicate that MSCs are more immunosuppressive 

when pre-treated with inflammatory cytokines, and as mentioned, can 

home to sites of inflammation, such as that of the tumour 

microenvironment (Han et al., 2011, Nakamizo et al., 2005). This implies an 

important role for MSCs in migrating to the tumour microenvironment 

(Kolluri et al., 2013) and aiding tumours avoid clearance by interacting with 

and modulating the host anti-tumour immunity. 

 

 

1.2.6 MSC mediated immunosuppression allows for tumour promotion 

 

Djouad et al., provided some of the earliest evidence to link this MSC-

mediated immunosuppression to enhanced tumour growth (Djouad et al., 

2003). They found the murine C3 MSC cell line to be immunosuppressive in 

vitro, and when injected with B16 melanoma cells in allogeneic CH3 mice, 

these MSCs induced greater tumour formation than 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 induction of regulatory T 

cells (Tregs) (Patel et al., 2010). 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 
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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 the Th1 phenotype (Patel et al., 2010, Malygin et al., 1993). 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 (Han et al., 2011, Ren et al., 2009). This discrepancy was 

overcome by 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 constitutive IDO expression in these cells (Ling et al., 2014). In 

addition, they were able to engineer the cells so that the human IDO 

expression was inducible and 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. The conclusion was that IDO produced by MSCs was 

responsible for the enhanced tumour growth and that suppression of CD8+ 

cells was critical for this effect. 

 

Specifically in the context of colon cancer, murine MSCs treated with IFN-γ 

and/or TNF-α and co-injected with murine C26 colon cancer cells into a 

Balb/c mouse model promoter tumourigenesis (Liu et al., 2011). 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 
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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 exert immunosuppressive effects on DCs and 

prevent their maturation (Johnson et al., 2007). The consequences of these 

effects are two-fold – firstly immature DCs are less effective in presenting 

tumour antigen to T cells, and secondly can induce anergy in T cells 

(Kusmartsev et al., 2005). Therefore, 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 (Johnson et al., 2007). 

 

What all of this data demonstrates is that T cells have a clear and central role 

in immune-mediated clearance of tumour cells, and that their ability to carry 

out this function is severely hampered by stromal cells in the tumour 

microenvironment. Identification of the factors expressed or secreted by 

MSCs that affect T cell proliferation 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. However, to date knowledge in this area 

is lacking. The work described in this thesis strives to bridge this gap in the 

knowledge, and presents and validates data demonstrating a novel method 

of T cell suppression by stromal cells in the context of the colorectal tumour 

microenvironment 
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Figure 1.5. 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 cells 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, and to skew macrophages to an 

anti-inflammatory M2 phenotype. With regards to the adaptive immune 

compartment, evidence from the literature shows that release of factors from and 

expression of proteins on MSCs directly reduces the proliferation and cytotoxic 

effects of effector 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. 

 

 



33 
 

1.3 Cancer immunotherapy 

Immunotherapy is defined as “the approach to treating cancer by generating 

or augmenting an immune response against it” (Khalil et al., 2016). In recent 

years the field of cancer immunotherapy has seen a surge in interest. This 

has resulted in rapid advances in technology and the development of several 

novel therapeutic agents for use in numerous applications including 

melanoma, lymphoma, multiple myeloma and non-small cell lung cancer 

(Achkar and Tarhini, 2017, Zappasodi et al., 2015, Kocoglu and Badros, 2016, 

Chen, 2017) The forms that these new entities have taken include antibodies 

(checkpoint inhibiting, immune modulating and tumour targeting), cancer 

vaccines, cytokines, cell transfer-based therapies and even oncolytic viruses. 

While each of these therapies involve distinct, and often numerous 

mechanisms of action for their observed effects, all involve harnessing the 

power of the patients own immune system and aid it, either actively 

(checkpoint inhibitors, cytokines, vaccines) or passively (tumour targeted 

antibodies, cell transfer, viruses) to mount an effective anti-tumour immune 

response (Morrissey et al., 2016). Current first-line treatment for colorectal 

cancer generally depends on a number of factors such as the presence of 

metastases, the likelihood of being able to completely remove these 

metastatic lesions with surgical intervention and the presence of co-

morbidities (Stein and Bokemeyer, 2014). Based upon these criteria a 

decision will be made to treat with a single agent that will interfere with DNA 

synthesis like 5-fluorouracil (5-FU) or capecitabin, two drugs in combination, 

capecitabin with the VEFG-targeting antibody bevacizumab, or a more 

complex regime such as FOLFOX – Folinic acid, 5-FU and another DNA 

replication inhibitor oxaliplatin (Stein and Bokemeyer, 2014). As mentioned, 

bevacizumab is a monoclonal antibody targeted against VEGF and so 

represents an immunotherapeutic drug indicated for use in colorectal 

cancer. To date, a limited number of immunotherapeutic agents have been 

granted FDA approval for use in colorectal cancer, all of which fall into the 

tumour targeting monoclonal antibody category and are summarised in 
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table 1.2. However, a number of other immunotherapeutic strategies are 

being investigated for their potential to treat colorectal cancer, and may well 

represent the future of treatment for this disease. Checkpoint inhibitors 

represent the most promising of this therapeutics to date. (Pardoll, 2012) 

Agent Trade 

Name 

Target Indication 

Bevacizumab Avastin VEGF Metastatic CRC 

Also: cervical cancer, 

glioblastoma, NSCLC, ovarian, 

RCC 

Cetuximab Erbitux EGFR Metastatic CRC 

Also: squamous cell carcinoma 

Panitumumab Vectibix EGFR Therapy refractory, metastatic 

CRC 

Ramucircumab Cyramza VEGFR Metastatic CRC 

Also: stomach adenocarcinoma, 

NSCLC 

Nivolumab Opdivo PD-1 MSI-High or mismatch repair 

deficient metastatic CRC that has 

progressed following other 

treatment 

 

Table 1.2 Summary of immunotherapeutic agents with FDA approval for 

use in colorectal cancer CRC: Colorectal cancer, NSCLC: Non-small cell lung 

cancer, RCC: Renal cell carcinoma 

 

1.3.1 Checkpoint inhibitors 

The blockade of immune checkpoints has been cited as one of “the most 

promising approaches to activating therapeutic anti-tumour immunity” 
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(Pardoll, 2012, Sharma and Allison, 2015). As mentioned, the 

immunotherapies currently approved for use in colorectal cancer target one 

particular protein expressed on the tumour cell (Table 1.2). Although these 

proteins may be upregulated or dysfunctional on the tumour cell, their 

expression is not unique to the tumour and so off-target side effects are 

common and can be severe. Furthermore, resistance to such a single-target 

therapy develops in many patients thereby reducing the efficacy of the 

treatment over time (La-Beck et al., 2015). As discussed, there is 

overwhelming evidence to demonstrate the potential for cytotoxic T 

lymphocytes to effectively clear transformed and malignant cells, a process 

that fails only when impeded by the immune escape mechanisms employed 

by the tumour to evade this response (DuPage et al., 2012, Dunn et al., 

2004a). Therefore, the development of a therapy that could overcome this 

ability of the tumour to render anti-tumour T cells ineffective would allow 

the generation, in a patient, of an effective anti-tumour immune response, 

thus clearing the tumour without the off-target effects associated with the 

administration of non- or partially-specific chemo- or immunotherapeutic 

agents. Furthermore, an effective and successful anti-tumour immune 

response would allow for the generation of memory T cells, thus avoiding 

the complication of resistance and thwarting any future charge by the 

tumour. The development of immune checkpoint inhibiting drugs 

represents the most exciting new development in the realm of cancer 

immunotherapy in this respect. 

 

1.3.2 Immune Checkpoints 

In order for a T cell to respond to a stimulus, be it an invading pathogen or 

malignant tumour cell, antigen from this target cell must be presented to 

the T cell bound to specialised glycoproteins – the major histocompatibility 

complex (MHC) molecules (Murphy, 2012). This MHC-antigen complex 

triggers T cell receptor (TCR) signalling and initiates the process of T cell 
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activation. However, it is the binding of ligands to the co-stimulatory 

receptors that determine the fate of the T cell (Chen and Flies, 2013). There 

is a diverse repertoire of co-stimulatory receptors expressed on the surface 

of T cells, and when activated by their ligands, can positively (co-stimulatory) 

or negatively (co-inhibitory) influence T cell behaviour (Chen and Flies, 

2013). The most studied of all these co-receptor interactions is that of CD28 

expressed on the T cell surface being bound by its ligands CD80 or CD86 on 

the surface of antigen presenting cells (APCs). This interaction results in T 

cell proliferation, cytokine production and cell survival (Smith-Garvin et al., 

2009). This is only one of a number of co-stimulatory receptors that can be 

activated on a T cell in order to elicit an effective immune response. (A 

summary of all of the known T cell co-receptor-ligands pairs is provided in 

Figure 1.4) However, in addition to positively activating T cells, ligation of 

certain other T cell co-receptors can lead to inhibition of T cell proliferation 

and cytokine release and can induce T cell exhaustion (Chen and Flies, 2013). 

These immune checkpoints are of critical importance in maintaining 

homeostasis in the organism, maintenance of “self” tolerance and 

prevention of tissue damage that can arises due to excess inflammatory 

responses (Karachaliou et al., 2015). While these checkpoints are of vital 

importance in maintaining immune equilibrium, they also represent a 

convenient vehicle for hijack by tumour cells seeking to avoid immune cell 

mediated clearance. In fact PD-L1, the cognate ligand for the inhibitory T cell 

receptor PD-1, has been shown to be overexpressed in several cancers 

including head and neck, thyroid, lung, colon, pancreas, ovary and skin 

(Wang et al., 2016, Patel and Kurzrock, 2015). To date, inhibitors targeting 

two distinct immune checkpoints, namely CTLA-4 and PD-1/PD-L1, have 

received FDA approval for clinical use (Alexander, 2016) 
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Figure 1.6. Summary of the various positive and negative co-receptors and ligands 

that have be shown to regulate T cell proliferation and effector functions. Ligands 

expressed on the surface of antigen presenting cells (APCs) can bind their 

corresponding receptor on the T cell surface and induce a positive stimulatory effect 

(green +) or negative inhibitory effect (red -) on T cell proliferation, cytokine 

secretion and survival. Some of these ligands, in particular those with an inhibitory 

effect on T cells such as CTLA-4 and PD-L1, have been shown to be over-expressed 

on the surface of tumour cells in order for the tumour to dampen the T cell mediated 

anti-tumour immune response. Adapted from Pardoll 2012 

 



38 
 

1.3.3 CTLA-4 based immunotherapy 

The first immune checkpoint inhibitor to receive FDA approval for clinical 

use was ipilimumab (Yervoy, Bristol Myers Squib), a fully human monoclonal 

antibody targeted against CTLA-4 and tested in 676 patients with 

unresectable or metastatic melanoma (Hodi et al., 2010). CTLA-4 provided 

an attractive target as its expression is almost exclusively restricted to T cells, 

with some limited reports of expression on B cells, and ligation of this 

receptor by its ligands, CD80 or CD86, decreases T cell activation both by 

outcompeting the positive co-stimulatory receptor, CD28, for ligand binding 

and through recruitment of serine or threonine phosphatases (Melero et al., 

2007, Pioli et al., 2000). Overall survival in these patients increased from 6.4 

months with the control treatment, gp100, to 10.1 months with ipilimumab, 

as did one and two year survival rates which increased from 24% and 14% 

respectively with gp100 to 46% and 24% with ipilimumab (Hodi et al., 2010). 

The more impressive effects on long term survival (< 2 years) compared to 

median overall survival is indicative of a long term memory T cell response 

and is very promising in terms of inducing a durable response in patients 

without the need for additional treatment. While these results showed 

promise, they did not come without adverse events. Drug related adverse 

events were reported in 80-90% of patients, with 17-23% of patients 

experiencing grade 3 or 4 adverse events. 60% of all patients treated with 

ipilimumab experienced immune related adverse events, with 10-15% of 

patients experiencing grade 3 or 4 immune related adverse events and 7 

patient deaths as a result of these adverse events (Hodi et al., 2010). In spite 

of these limitations, ipilimumab has since gained additional approval for use 

in combination with nivolumab (discussed below) and as adjuvant therapy 

to lower recurrence of stage III melanoma (Alexander, 2016). A second 

limiting factor in deciding to initiate treatment with anti-CTLA-4 therapy, 

considering that only a small fraction of patients experience positive 

responses, is the lack of any particular biomarker that points to increased 

likelihood of patients to benefit from such treatment. In light of the fact that 
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CTLA-4 blockade simply prevents competition for the co-stimulatory CD28 

receptor and is not specific for the tumour in any way, perhaps genetic 

profiling of tumours to identify increased mutations or neoantigens likely to 

induce an immune response, along with comprehensive analysis of the 

microenvironment supporting the tumour could be useful in determining 

which patients to treat in this manner (Sharma and Allison, 2015). 

 

1.3.4 PD-1 and PD-L1 based immunotherapy 

The second immune checkpoint inhibitor to be developed was 

pembrolizumab (Keytruda, Merck), an anti-PD-1 blocking antibody. 

Pembrolizumab was awarded FDA approval for use in advanced or 

unresectable melanoma in 2014. Since then, additional approvals have been 

granted for the use of pembrolizumab in certain indications for head and 

neck squamous cell carcinoma, non-small cell lung cancer and classical 

Hodgkin lymphoma (FDA). PD-1 is expressed on activated T cells, B cells, NK 

T cells and myeloid cells. Upon interaction with its ligands, PD-L1 and PD-L2, 

PD-1 inhibits the proliferation and effector function of T cells and antibody 

production of B cells (Okazaki et al., 2013). PD-L1 is widely expressed on 

immune cells including T cells, DCs, macrophages, mast cells and B cells, as 

well as non-immune cells such as endothelial and epithelial cells. In contrast, 

PD-L2 expression is more restricted with expression found exclusively on 

immune cells such as DCs, macrophages and mast cells (Intlekofer and 

Thompson, 2013). The immunosuppressive function of PD-1/PD-L1/2 is 

useful in attenuation of an immune response thereby preventing 

autoimmunity. However, considering the aforementioned overexpression of 

PD-L1 on several tumour types, the effects upon T cells exerted by PD-1 

ligation in this instance can have disastrous consequences for the anti-

tumour immune response. 

Early clinical trials using pembrolizumab (originally called lambrolizumab) in 

patients with advanced or unresectable melanoma showed that doses of 
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either 2mg/kg or 10mg/kg were reasonably well tolerated with 79-82% of 

patients reporting adverse events of any grade, and 8-17% experiencing 

grade 3 or 4 adverse events, figures comparable to those observed with 

CTLA-4 therapy (80-90% any event, 10-15% grade 3 or 4) (Hamid et al., 2013, 

Robert et al., 2014). Overall response rates varied from 25-56% depending 

on the dosing regimen used and the method of determining response. 

However, as was the case for CTLA-4 therapy, the more striking data was 

with regard to the long term sustainability of the positive response 

observed, with the Kaplan-Meier estimated overall survival at 1 year found 

to be 58-63% (Robert et al., 2014). Once again this is indicative of a memory 

response in patients, the generation of which should, in theory, lead to 

protracted, durable anti-tumour immune responses in patients, thus 

lowering greatly the potential for relapse and increasing the likelihood of 

disease free survival in the long term. Shortly after the original approval of 

pembrolizumab in 2014, a second PD-1 targeting monoclonal antibody, 

nivolumab (Opdivo, Bristol Myers Squib) was granted FDA approval 

(Alexander, 2016). In more recent years three PD-L1 targeting antibodies 

have joined the FDA list of approved immunotherapies for use in cancer, 

namely durvalumab (IMFINIZI, AstraZeneca), tezolizumab (Tecentriq, 

Genetech Inc.) and avelumab (BAVENCIO, EMD Serono Inc.), highlighting the 

great interest and promise that exit in this burgeoning area of cancer 

therapeutics (FDA). 

 

1.3.5 Checkpoint inhibition in colorectal cancer 

With specific regards to the setting of colorectal cancer, studies are only 

beginning to emerge on the potential benefit that may be conferred to 

patients by treatment with single or combined immune checkpoint 

inhibitors. One of the first large scale clinical trials investigating the use of 

nivolumab (anti-PD-1 mAb) in combination with a number of other agents, 

the CheckMate142 trial, is currently recruiting participants 
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(ClinicalTrials.gov, 2017). From the limited data that has been published to 

date, it would seem the colorectal cancer does indeed represent a potential 

indication in which immune checkpoint inhibition, as it currently stands, will 

be beneficial for patients. In particular, an approach targeting PD-1/PD-L1 

signalling appears to be a viable treatment options in this indication, given 

the observations that colorectal cancer cell express relatively high levels of 

PD-L1, as do the various immune cells found infiltrating colorectal tumours  

(Rosenbaum et al., 2016, Masugi et al., 2016). However, further 

investigations have revealed a potential dependency on microsatellite 

instability in colorectal tumours in order for immune checkpoint therapy to 

be efficacious is this disease (Bilgin et al., 2017, Toh et al., 2016, Singh et al., 

2015). This could be quite a significant limiting factor in the rolling out of 

CLTA4, PD-1, PD-L1 or any new checkpoint inhibitor that may be developed 

for widespread use in colorectal cancer given that only about 15% of all cases 

of the disease are associated with microsatellite instability 

(Deschoolmeester et al., 2011). Perhaps novel strategies involving treatment 

with more than one immune checkpoint inhibitor in combination, the 

combination of low-dose chemotherapy with immunotherapy, or the use of 

novel bi-specific or antibody-drug conjugates which can target two proteins 

or cells simultaneously, or deliver chemotherapeutic agents directly to the 

tumour, may be potential methods of overcoming this limitation (Chames 

and Baty, 2009, Thomas et al., 2016). 

In spite of these promising data, it is clear that not all patients respond to 

each, or indeed, any of the currently available immunotherapies, including 

those not discussed here. This highlights the clear need for a more in-depth 

investigation of the interactions between the malignant cancer cell and the 

vast array of infiltrating immune cells we now know to be present in the 

tumour microenvironment. A better understanding of these interactions will 

lead to the identification of biomarkers that will better predict disease stage 

and likelihood to respond to a particular treatment. By extension, this will 

lead to better stratification of patients for currently available 
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immunotherapies and therefore more positive outcomes more quickly that 

is currently achieved. In addition, by fully understanding the key interactions 

between all the factors that combine to form the tumour microenvironment 

as we know it will undoubtedly lead to the development of novel 

therapeutics that can target the key proteins and signalling moieties 

responsible for the cycle of immunosuppression established in the tumour 

microenvironment in a more specific manner than is currently achieved. The 

use of checkpoint inhibition in colorectal cancer, and the effect of stromal cell 

immunomodulatory ligand expression on the efficacy of this therapy in 

colorectal cancer will be explored in this thesis. 

 

1.4 Limitations of current research 

 

All of the evidence presented here points to an important role for MSCs in 

the tumour microenvironment in enhancing various aspects of colon tumour 

cell biology, the net effects of which are tumour growth, survival and 

progression. While this may indeed be the case, the studies referenced here 

are not without limitations. 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 (Hogan et al., 2012). 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 and indeed 

other cancers. Furthermore, 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 uses and is clearly necessary to facilitate the 

engraftment and outgrowth of the administered tumour cells that could 
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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 lost along with some of the components normally 

present in the tumour microenvironment. These immune cells components 

such as T cells, macrophages, dendritic cells and natural killer cells could, in 

fact, be central players in the story of MSC-mediated tumourigenesis.  The 

experiments described in this thesis have been designed with these 

limitations in mind. Our model is entirely syngeneic whereby tumour cells, 

stromal cells and lymphocytes are of Balb/c origin and so entirely MHC-

matched. This will allow us to recapitulate as best we can, in vitro and in vivo, 

human colorectal cancer which develops within a patient from the patients’ 

own cells 

In addition, in vivo studies were carried out using fully immunocompetent 

wild type Balb/c mice so that all components of the anti-tumour immune 

machinery were present. 

 

1.5 Knowledge Gaps 

1. The role of stromal cell immunomodulation on the anti-tumour immune 

response 

2. The mechanism by which the malignant tumour interacts with and 

dictates the immunomodulatory fate of the stromal compartment of the 

tumour microenvironment 

3. The influence of inflammation and tumour cell NF-κB signalling on 

tumour-stromal interactions 

4. The role of stromal cell PD-L1 expression in dictating response to PD-l 

immunotherapy in colorectal cancer 
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1.6 Hypothesis and Aims 

 

Hypothesis 

Tumour cell NF-κB mediated inflammation enhances the 

immunosuppressive potential of stromal cells, thus aiding tumours evade 

the anti-tumour immune response 

Aims 

1. To elucidate the effect of tumour conditioning on the 

immunosuppressive capacity of mesenchymal stromal cells in vitro 

2. To determine the mechanism of enhanced immunosuppressive 

stromal cell phenotype 

3. To establish a role for tumour-mediated inflammation and NF-κB 

signalling on the observed changes in stromal cell 

immunomodulatory potential 

4. To test an validate in vitro findings in a fully immunocompetent, 

syngeneic murine model 

5. To identify novel stromal cell markers as targets for immunotherapy 

and to better stratify patients for such treatment regime 
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CHAPTER TWO 

Materials and Methods 
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2.1 Animal strains and ethical approval 

 

8 to 14-week-old female Balb/c mice were purchased from Harlan. 

Experimental animals were housed in a specific pathogen-free facility and 

fed a standard chow diet. All experimental procedures were carried out 

under licence from the Health Products Regulatory authority and approved 

by the NUI Galway Animal Care Research Ethics Committee 

 

 

2.2 MSC isolation 

 

Mice were euthanised by CO2 inhalation and the femur and tibia were 

removed, cleaned of connective tissue and placed in MSC culture medium, 

MEM-α (Biosciences-Gibco) supplemented with 10% FBS (Fisher – Hyclone), 

10% Equine serum (Fisher – Hyclone) and 1% penicillin/streptomycin 

(Sigma). The ends of the bones were cut to expose the marrow and cells 

were flushed out with culture medium using a 35-gauge needle. Clumps 

were removed by filtering through a 70μm mesh filter. Cells were then 

centrifuged at 400 x g for 5 minutes, re-suspended in 25ml culture medium 

and plated at a density of 9x105 per cm2 in a T175. Cells were incubated at 

37oC, 5% CO2, and non-adherent cells were removed 24 hours later. This 

process was repeated 3 times per week until cells reached confluency. At 

this point trypsin was added and incubated at 37oC for 5 minutes. Culture 

medium was added to neutralise trypsin. Cells no longer adhering to the 

flask were removed, centrifuged and re-plated. Characterisation was carried 

out at passage 4 

 

2.3 Cell culture conditions 

 

All experiments were carried out with Balb/c MSCs between passage 5 and 

11. MSCs were grown to 70% confluency in MEM-α (Biosciences-Gibco) 
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supplemented with 10% FBS (Fisher – Hyclone), 10% Equine serum (Fisher – 

Hyclone) and 1% penicillin/streptomycin (Sigma) 

The Balb/c colon carcinoma cell line (CT26) was obtained from ATCC. Cell 

were cultured in DMEM (Biosciences-Gibco) supplemented with 10% FBS 

(Sigma) and 1% penicillin/streptomycin (Sigma). 

HCT116 and HT29 were kindly donated by Ms. Coralie Mureau and cultured 

in McCoys 5A medium (Sigma) supplemented with 10% FBS (Fisher – 

Hyclone), L-glutamine and 1% penicillin/streptomycin (Sigma).  

Human MSCs were kindly donated by Dr. Joana Cabral and cultured in MEM-

α (Biosciences-Gibco) supplemented with10% FBS (Sigma), 1% 

penicillin/streptomycin (Sigma) and 1ng/ml FGF2. Cells were characterised as 

being plastic adherent, capable of tri-lineage differentiation (data not 

shown) and cell surface marker expression 

 

 

 

 

 

Figure 2.1 Cell surface marker expression on human MSCs 

Transfection of CT26 with IκB-α superrepressor plasmid 

 

The NF-кB Luciferase reporters driven by 5 × wild type (5 × NF-кB-Luc) (pNF-

кB-Luc plasmid, Stratagene, Santa Clara, CA, USA) or negative control (no NF-

кB binding sites-Luc) (pCIS-CK, Stratagene) were used in this study. Protocol 

details can be found in  Ryan et al., 2014. Briefly CT26/Parental, CT26/EV and 

CT26/IкB-α SR cells were plated in 96-well plates and were co-transfected 

with 500 ng of pNF-кB-Luc, 500 ng of an expression vector and 50 ng of RSV-

pRL reporter (Promega Corp., Madison, WI, USA). Twenty-four hours after 

transfection, cells were treated with TNF-α (10–100 ng/ml) for 24 h. 
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Luciferase activity was determined with the Dual-Glo Luciferase Reporter 

Assay System according to the manufacturer’s instructions 

 

 

2.4 MSC characterization 

 

Adipogenesis 

 

MSCs were plated at a density of 2x105 cells per well in a 6 well plate with 

2ml of standard MSC culture medium. Cells were incubated at 37oC, 5% CO2 

until confluency was reached. Once confluent, MSC medium was removed 

and replaced with 2ml per well of adipogenic induction medium (see below). 

Control wells received standard MSC medium. After 3 days the medium was 

removed from each well and replaced with 2ml per well of adipogenic 

maintenance medium (see below). Control wells received standard MSC 

medium. This cycle of media changes was repeated until 3 cycles of 

induction and maintenance medium were completed. For the final stint in 

maintenance medium cells were left in this medium for 5 days. 

After 5 days, the medium was removed and cells were washed twice in PBS. 

Cells were then fixed in 10% neutral buffered formalin for 30 minutes at 

room temperature. Formalin was removed and wells rinsed with distilled 

water. A thin layer of Oil Red O working stock (Sigma) (6 parts Oil Red O stock 

solution mixed with 4 parts distilled water) was added to each well. The plate 

was slowly rotated to ensure even coverage of each well, and let stand for 5 

minutes at room temperature. The stain was then discarded and excess stain 

removed by adding 2ml of 60% isopropanol (Sigma) to each well, swirling 

the plate and removing the isopropanol. Wells were next rinsed with tap 

water. Hematoxylin (Sigma) solution was diluted 1:5 with distilled water and 

a thin layer of this 1:5 solution was pipetted on to each well and left to stand 

for 1 minute. Wells were then washed in warm tap water and covered with 
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a thin layer of water in order for images to be taken on an inverted light 

microscope. 

After photography was complete the water was removed. 500μl of 99% 

isopropanol (Sigma) was added to each well, rinsed several times over the 

surface of the well, and transferred to an eppenforf tube. This process was 

repeated with a second 500μl of 99% isopropanol. Debris was pelleted by 

centrifuging samples at 500 x g for 2 minutes. 200μl of stain extracted from 

each sample was added to wells of a 96 well flat bottom plate in triplicate. 

Absorbance was measured at 520nm on a Wallac 1410 plate reader (Perkin 

Elmer). Results were plotted as mean absorbance. 

 

Table 2.1 Adipogenic Induction Medium 

Reagent Volume  (for 100ml) Final Concentration 

DMEM (High glucose) 87.6ml  

Dexamethasone 1mM 100µl 1µM 

Insulin 1mg/ml 1ml 10µg/ml 

Indomethacin 100mM 200µl 200µM 

500mM MIX 100µl 500µM 

Penicillin/streptomycin 1ml 100U/mL penicillin 

100g/mL streptomycin 

FBS 10ml 10% 

Table 2.2 Adipogenic Maintenance Medium 

Reagent Volume  (for 100ml) Final Concentration 

DMEM (High glucose) 88ml  

Insulin 1mg/ml 1ml 10µg/ml 

Penicillin/streptomycin 1ml 100U/mL penicillin 

100g/mL 

streptomycin 

FBS 10ml 10% 
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Chondrogenesis 

MSCs were counted and 5x105 cells were added to 1.5ml screw cap tube per 

condition 500μl of incomplete chondrogenic medium (ICM)(see below) and 

centrifuged at 100 x g for 5 minutes. Cells were resuspended in 500μl of 

complete chondrogenic medium (CCM) (see below) and centrifuged at 100 

x g for 5 minutes. The cap on each tube was loosened slightly and incubated 

upright at 37oC, 5% CO2. Medium was changed 3 times per week by 

aspirating off as much medium as possible without disturbing the pellet and 

replaced with 500μl of fresh CCM. After 21 days in culture the pellet was 

harvested by aspirating off all medium and washing twice in PBS. Pellets 

were air dried and glycosaminoglycan (GAG) content measured by DMMB 

assay 

Table 2.3 Incomplete Chondrogenic Medium (ICM) 

Reagent Volume  (for 

100ml) 

Final Concentration 

DMEM (High glucose) 94ml  

Dexamethasone 1mM 10µl 100nM 

Ascorbic acid 2-P: 

5mg/ml 

1ml 50µg/ml 

L-Proline: 4mg/ml 1ml 40µg/ml 

ITS+ supplement 1ml 6.25 g/mL bovine insulin 

6.25 g/mL transferrin 

6.25 g/mL selenous acid 

5.33 g/mL linoleic acid 

1.25 mg/mL BSA 

Sodium pyruvate 1ml 1mM 

Penicillin/Streptomycin 1ml 100U/mL penicillin 

100g/mL streptomycin 

0.25µg/ml amphotericin B 
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Complete Chondrogenic medium (CCM) 

To 1ml of ICM add 0.5µl of TGFβ-3 to give a final concentration of 10ng/ml 

and 2µl BMP-2 to give a final concentration of 100ng/ml 

 

DMMB Assay 

16mg of 1,9 Dimethylmethylene blue (DMMB) was dissolved overnight in 

5ml of reagent grade 100% ethanol. 2.73g of sodium chloride and 3.04g of 

glycine were added to 975ml of deionised water. 0.69ml of concentrated 

hydrochloric acid (HCl) (11.6M) was added to this solution and mixed. The 

dissolved DMMB solution was then added and mixed again. The pH was 

adjusted to 3.0 with 1M HCl. The volume was brought to 1 litre with 

deionised water, and the container was stored protected from light. 

1mg of papain was dissolved in 9.75ml of DMMB assay dilution buffer. 250μl 

of this solution was added to a further 10ml of dilution buffer. 200μl of this 

solution was added to each pellet and digested overnight at 60oC. Samples 

were then vortexed to ensure the pellet is dispersed. Assay standards were 

prepared by adding 4mg of Chondroitin-6-sulphate to 10ml of assay dilution 

duffer. This solution was diluted 1:10 to give a 40μg/ml working stock. 

Standards were made as follows: 

Table 2.4 DMMB Assay Standards 

Chondroitin sulphate 

solution 

Dilution buffer Concentration of GAG 

/well (50µl) 

200µl 0µl 2µg 

180µl 20µl 1.8µg 

160µl 40µl 1.6µg 

120µl 80µl 1.2µg 

80µl 120µl 0.8µg 

40µl 160µl 0.4µg 

0µl 200µl 0µg 
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50μl of each standard or sample was added to the wells of a 96 well flat 

bottom plate in triplicate. 200μl of DMMB stock solution was added to each 

well and incubated at room temperature for 5 minutes. Absorbance was 

measured at 595nm on a Wallac 1420 plate reader (Perkin Elmer) 

 

Osteogenesis 

MSCs were plated at a density of 2x105 cells per well in a 6 well plate with 

2ml of standard MSC culture medium. Cells were incubated at 37oC, 5% CO2 

until confluency was reached. Once confluent, MSC medium was removed 

and replaced with osteogenic medium (see below). Control wells received 

standard MSC medium. Medium was changed every 2 days. Cells were 

harvested between days 10 and 17 depending on the condition of the 

monolayer (cells will begin to peel away and need to be harvested before 

this point is reached). Osteogenesis was determined by Alizarin Red Staining 

Table 2.5 Osteogenic Medium 

Reagent Volume  (for 100ml) Final Concentration 

Iscoves MEM 77.5ml  

Dexamethasone 1mM 10µl* 100nM 

Ascorbic acid 2-P 10mM 0.5ml 50µM 

β glycerophosphate 1M 2ml 20mM 

L-thyroxine 50µl 50ng/ml 

FBS** 9ml 9% 

Equine serum 9ml 9% 

L-glutamine 1ml 2mM 

Penicillin/Streptomycin 

100x solution 

1ml 100U/mL penicillin 

100g/mL 

streptomycin 

 

Alizarin Red Staining 
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A 2% Alizarin Red solution was prepared by dissolving 2g of Alizarin Red S in 

100ml dH2O. This was mixed well and the pH adjusted to 4.1 with 1% 

ammonium hydroxide. Medium was removed from cells and wells were 

washed twice with PBS for 5 minutes. Cells were fixed in 95% ice cold 

methanol for 10 minutes. Wells were then washed with dH2O and incubated 

for 5 minutes in 2% Alizarin Red solution. Wells were rinsed once more with 

dH2O and left to dry on the bench before imaging by microscopy. A small 

amount of dH2O was added to each well before taking images. 

2.5 MSC Conditioning 

 

CT26/EV and CT26/IκB-αSR tumour cells were seeded in a T175 flask (Nunc 

– Fisher) at a density of 1 x 106 cells per flask in 25ml of cell culture medium. 

Cells were left to grow at 37oC at 5% CO2 (normoxia) for a total of 72 hours 

at which point conditioned medium was collected, spun at 1000g to pellet 

any cellular debris and stored at -80oC. For TNF-α conditioning, 100ng/ml 

TNF-α was added to tumour cell cultures 24 hours prior to removing 

medium. 

For conditioning MSCs were seeded at a density of 0.035 x 106 cells per well 

of a 6 well plate in 2ml culture medium. 24 hours after seeding the culture 

medium was removed and replaced with 40% fresh MSC medium and 60% 

tumour conditioned medium.  Fresh DMEM and DMEM with 100ng/ml TNF-

α were added as controls. MSCs were analysed at 24, 48 and 72 hours after 

addition of conditioned medium. In vitro immunosuppression assays and in 

vivo experiments were all carried out using MSCs that had been conditioned 

for 72 hours. 

To determine cell viability following conditioning cells were trypsanised, 

counted and added to FACS tubes at 100,000 cells/tube. Cells were washed 

twice in PBS and resuspended in Annexin V binding buffer (BD Biosciences) 

with 5μl Annexin V per sample. 10μl Propidium iodide (PI 1:10,000 dilution) 

was then added to each sample and after a 5 minute incubation samples 
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were vortexed and run in the Accuri® C6 flow cytometer (BD Biosciences). 

Analysis of viability was performed on CFlow Sampler® software. 

 

2.6 T cell immunosuppression assay 

 

Lymph nodes and spleen were harvested from Balb/c mice and single cell 

suspensions were obtained by mechanical disruption of the tissue in culture 

medium, RPMI 1640 (Fisher-Lonza) supplemented with 10% FBS (Sigma), 1% 

sodium pyruvate, 1% non-essential amino acids, L-glutamine, 1% 

penicillin/streptomycin (all Sigma) and 0.01% β-mercaptoethanol. 

Cells were washed, re-suspended in PBS and erythrocytes lysed using 

ammonium-chloride-potassium lysing buffer for 5 minutes on ice.  Cells were 

re-suspended in culture medium and a combination of 90% lymphocyte/10% 

splenocyte was used for immunosuppression assays. 

To assess proliferation cells were stained with carboxyfluorescein diacetate 

succinimidyl ester (CFSE) using CellTrace cell proliferation kit® (Invitrogen). 

Cells were counted and re-suspended in pre-warmed 0.1% BSA/PBS at a 

concentration of 1x107cells/ml. CFSE was reconstituted in dimethyl sulfoxide 

and 2μl of reconstituted dye were added for each 1ml BSA/PBS. Cells were 

protected from light and incubated at 37oC for 6 minutes. Ice cold culture 

medium was added to neutralise the CFSE and cells were washed twice 

more. Cells were then activated using CD3/CD28 Mouse T-Activator 

Dynabeads® (Life Technologies). 

0.1 x 106 CFSE labelled and activated cells (90% lymphocytes/10% 

splenocytes) were co-cultured with naïve or tumour-conditioned Balb/c 

MSCs at a ratio of 1 MSC:50 lymphocytes in a 96 well round bottom cell 

culture plate (Sarstedt). 

 

2.6.1 Analysis of proliferation 

After 72 hours, medium was removed from co-cultures and stored at -80oC 

for further analysis. Cells were re-suspended in FACS buffer (PBS 

supplemented with 2% FBS and 0.05% sodium azide). Cells were incubated 
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with CD8a-APC or CD4-PerCP  Biolegend – Medical Supply Company) for 10 

minutes at 4oC. Cells were washed twice in FACS buffer and proliferation was 

measured using a FACSCanto® cytometer (Becton Dickinson).  Data was 

analysed using FlowJo® software (TreeStar Inc.). T cell suppression was 

calculated according to the formula:  100-

(%PosCtrlDivided/%SampleDivided)*100 

 

2.7 Enzyme-linked immunosorbent assay (ELISA) 

 

Supernatants from co-cultures were analysed using Ready-SET-Go!® ELISA 

kits (Affymetrix – eBioscience) for IFN-γ and TNF-α, Granzyme B and TGF-β. 

Flat bottom 96 well ELISA plates were coated overnight at 4oC with capture 

antibody. The following morning plates were washed with wash buffer (1 x 

PBS with 0.05% Tween-20). Plates were blocked using the supplied assay 

diluent for 1 hour and then washed. Standards and samples were added to 

the plates and incubated for 24 hours at 4⁰C. Following 3 washes detection 

antibody was added and incubated at room temperature for 1 hour. Plates 

were washed, Avidin-Horse radish peroxidase (HRP) added for 30 minutes 

prior to 3 more washes. Tetramethylbenzidine substrate solution was then 

added and left at room temperature for 15 minutes before stop solution (2N 

sulfuric acid) was added and the plates were read at 450 and 570nm on a 

Wallac 1420 plate reader (Perkin Elmer). 

 

2.8 Cytokine quantification by Bioplex® analysis 

 

Supernatants were analysed using the Bio-Rad Bioplex 200® (Bio-Rad – 

Fannin Healthcare). Assay was run according to manufacturer’s instructions. 

Briefly, standards and beads were reconstituted in dilution buffer and 

standards were incubated on ice for 30 minutes, before performing serial 

dilution. The wells of the Bioplex plate were pre-wet with 150μl of assay 

dilution buffer and this was removed prior to adding standards and samples. 

Next, 50μl of beads were added to appropriate wells, and these wells were 



56 
 

then washed twice with 100μl of wash buffer. Following washes, standards 

and samples were added to the plate at 50μl per well, the plate was sealed 

and shook a 1,100 rpm for 30 seconds, then 300rpm for 30 minutes 

protected from light. 

Detection antibody was diluted in assay buffer, vortexed, and added to the 

plate at 25μl per well following 3 more washes. The plate was then sealed, 

shook at 1,000 rpm for 30 seconds and 300rpm for 30 minutes protected 

from light. 

Streptavidin-PE was diluted, vortexed, and added to the plate at 50μl per 

well. The plate was then sealed, shook at 1,000 rpm for 30 seconds and 

300rpm for 10 minutes protected from light. Following incubation wells 

were washed 3 times with 100μl of wash buffer, beads were resuspended in 

125μl per well of assay buffer and the plate was sealed and read following 

one final shake at 1,100 rpm for 30 seconds. Cytokine concentrations were 

calculated and plotted as pg/ml based on the standard curve generated by 

the Boplex software (Bio-Rad – Fannin Healthcare). 

 

2.9 In vivo tumour model 

 

Tumours were induced in 8-14 week old female Balb/c mice by 

subcutaneous injection into the left flank of 2x105 CT26 cells +/- 0.5x105 

MSCs (+/- in vitro tumour pre-conditioning) in a total volume of 100μl PBS. 

Animals receiving PD-1 antibody therapy received an intraperitoneal 

injection of 200μg of anti-PD-1 mAb (Clone RMP1-14; Bio X Cell – 2B 

Scientific) in 100μl PBS at days 7 and 14 post tumour induction. Tumour 

growth was monitored daily until sacrifice on day 21. At day 21 animals were 

euthanized and tumours harvested from left flank and, where invasion had 

occurred, the peritoneum. Measurements of tumour length and width were 

taken using a digital callipers and tumour volume calculated according to the 

rational ellipse formula: (M1^2xM2 x π/6). Tumours were then transported to 

the lab in PBS, where they were placed on filter paper to remove excess fluid. 
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Tumour specimens were then weighed on an electric balance and mass 

recorded in grams 

 

2.9.1 Flow cytometric analysis of tumour immune cell infiltrate 

 

Tumours were digested in 1ml HBSS (Gibco-Biosciences) containing 150U/ml 

collagenase IV (Biosciences) and 200U/ml DNase (Sigma). Samples were 

placed on the heat block at 37oC for 2 hours with gentle agitation and then 

filtered through 40μm cell strainers and washed with PBS. Single cell 

suspensions were counted and stained with markers of interest: CD3 (FITC), 

CD8 (APC), CD4 (APC), Granzyme B (PE). Cell surface staining was carried out 

as described previously. To stain for intracellular Granzyme B cells were 

washed twice after surface staining had been completed and fixed for 

intercellular staining. Fixing was carried out by incubating cells in 2% 

paraformaldehyde for 10 minutes at 4oC. Cells were then re-suspended in 

permeabilisation buffer (1% BSA/PBS with 0.5% saponin (Sigma)) containing 

the intracellular antibody of interest. Gating strategies for tumour and 

spleen immune cell analysis are described in Figure 2.1 and 2.2. 
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Figure 2.2 Gating strategies used to assess tumour immune cell infiltrate and 

frequency of immune cell populations in the spleen of tumour burdened animals 

 

2.10 Western blotting 

 

2.10.1 Cell lysis 

 

Cells were trypsinised, counted and resuspended in a volume of 1X SDS PAGE 

Lysis buffer to yield a concentration of 5x106 cells per ml. 

 
Table 2.6 Lysis Buffer 

Reagent Volume 

(100ml) 

10% SDS solution 20ml 

100mM Tris HCl pH6.8 5ml 

0.1% Bromophenol Blue 0.05g 

20% glycerol 10ml 

Water 15ml 

1X Buffer: Dilute 2X 1:2 with 95% H2O and 5% β-mercaptoethanol 

 

Following resuspension in 1X Lysis buffer samples were left on ice for 5 

minutes and then boiled at 100oC for 5 minutes. Samples were placed on ice 

for a further 2 minutes and stored at -20oC. 

 

2.10.2 Western blotting of cell lysates 

 

Gels were assembled and poured on the evening before the blot was to be 

run. The electrophoresis rig was assembled, filled with 1L of running buffer 

(see below) and the gel loaded with 15μl of protein. The power pack was set 

to 55V until protein had run through the stacking gel, and this was increased 
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to 90V until samples had reached the bottom of the gel. While running, 

transfer buffer was made and stored at 4oC. 

When the samples reached the bottom of the gel the rig was disassembled, 

and the gel incubated in transfer buffer for 5 minutes. Nitrocellulose 

membrane was cut to size and also incubated in transfer buffer along with 2 

pieces of filter paper and 2 sponges. Sandwich transfer apparatus was 

assembled, and the transfer was run at 110V for 90 minutes in the cold 

room. The apparatus was then disassembled, and the membrane blocked in 

5% non-fat milk in 0.01% PBS/Tween for 1 hour at room temperature with 

gentle rocking. 

Following blocking the membrane was incubated in 10ml of primary 

antibody overnight at 4oC with gentle rocking. Standard proteins were made 

up in 5% w/v non-fat milk in PBS/0.01% Tween and phosphor-proteins made 

in 5% w/v BSA in PBS/0.01% Tween. 

 

Table 2.7 10% Resolving gel 

Reagent Volume  

(1 gel) 

H2O 2ml 

30% acrylamide mix 1.7ml 

1.5 M Tris pH 8.8 1.3 

10% SDS 50μl 

10% APS 50μl 

TEMED 2μl 

 

Table 2.9 Primary and secondary antibody concentrations for western 

blotting 

Target Isotype Supplier Cat. No. Dilution 

STAT 1 Rabbit Cell Signaling 9172 1/1000 

p-STAT 1 Rabbit Cell Signaling 7649 1/1000 

STAT 3 Mouse Cell Signaling 9139 1/1000 

Table 2.8 Stacking gel 

Reagent Volume  

(1 gel) 

H2O 1.4ml 

30% acrylamide mix 330μl 

1 M Tris pH 6.8 250μl 

10% SDS 20μl 

10% APS  20μl 

TEMED 2μl 
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2.10.3 Development 

 

The membrane was washed three times 3 times for 5 minutes PBS/0.01% 

Tween and incubated with 10 mL of the appropriate horseradish peroxidase 

conjugated-secondary antibody diluted in 5% w/v non-fat skimmed milk 

powder in PBS/0.01% Tween for 1 hour at room temperature. Following this, 

membranes were washed with PBS/0.01% Tween and then with PBS alone. 

Following washes, 500μl of ELC (reagent 1 and 2 in a 1:1 ratio) was pipetted 

over the membrane. After 5 minutes a sheet of X-ray film was placed over 

the membrane and exposed for various lengths of time before being placed 

into developing machine. 

 

Pharmacological inhibition of TGF-β, NF-κB STAT1 and STAT3 signalling 

pathways in MSCs 

 

MSCs were seeded in at 0.05x106 cells in a 12 well flat bottom plate in 1ml 

of medium and left to adhere for 24 hours. For NF-κB inhibition, cells were 

then treated with the previously optimised dose of 5μM BMS345541 for 2, 

12 and 24 hours of pre-treatment. Medium was then removed and replaced 

with 40% and 60% conditioned medium, also containing BMS345541. PD-L1 

expression was measured 24 hours later. 

For TGF-β neutralisation 0.25 (low dose) and 1.25 (high dose) μg/ml of TGF-

β neutralising antibody was added to a sufficient quantity of conditioned 

medium needed to treat MSCs. This was left to incubate at room 

temperature for 30 minutes, and 60% conditioned medium was then added 

to MSCs as previously described. D-L1 expression was measured 24 hours 

later. 

p-STAT 3 Mouse Cell Signaling 4113 1/500 

α-Rabbit HRP  Cell Signaling 7074 1/2000 

α-Mouse HRP  Cell Signaling 7076 1/2000 
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STAT1 inhibition was attempted using fludarabine phosphate at 

concentrations of 2.5, 5 and 10μM. STAT3 inhibition was attempted using 

p3971 at concentrations of 400 and 800nM. Cells were treated with each 

inhibitor alone, or in combination, for 24 hours. Medium was then removed 

and replaced with 40% and 60% conditioned medium, also containing either 

or both inhibitors. PD-L1 expression was measured 24 hours later. 

 

2.11 Statistical Analysis 

 

Statistical analysis was carried out using GraphPad® Version 6 (GraphPad 

Software, CA, USA). Data were assessed for normal distribution using 

D’Agostino-Pearson omnibus normality test. Data sets with 2 groups were 

analysed using an unpaired t test. Data sets with more than 2 groups were 

analysed by ordinary one-way ANOVA followed by Tukey’s multiple 

comparisons test. For analysis of correlation Pearson correlation coefficient 

was calculated. Results were considered statistically significant at p<0.05. 

 

Table 2.10: Antibodies used for flow cytometry 

FITC Antibodies 

Marker Clone Supplier Cat. No. Volume for 
1x106 cells 
(μl) 

CD3 17A2 Biolegend 100203  
Streptavidin  eBiosciences 11-4317-87 1ul neat 
Ly-6A/E (Sca-1) D7 Biolegend 108105 2ul 
CD326 (Ep-CAM) G8.8 Biolegend 118207 0.5 
Annexin V  Biolegend 640905  

APC Antibodies 

Marker Clone Supplier Cat. No. Volume for 
1x106 cells 
(μl) 

F4/80 BM8 Biolegend 123115 0.625 
CD4 Gk1.5 Biolegend 100412 0.16 
CD8 53-6.7 Biolegend 100712 0.16 
CD73 TY/11.8 Biolegend 127209 0.5 
CD105 MJ7/18 Biolegend 120413 0.5 
CD274 (PD-L1) 10F.9G2 Biolegend 124311 0.3 
MHC-I (H2Kd) SF1-1.1 Biolegend 116619 0.625 
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CD11b M1/70 Biolegend 101212 1.25 

PE Antibodies 

Marker Clone Supplier Cat. No. Volume for 
1x106 cells 
(μl) 

CD273 (PD-L2) TY25 Biolegend 107205 0.5 
Streptavidin  eBioscience 12-4317-87 1ul of 1/8  

dilution 
CD80 16-10A1 Biolegend 104707 0.625 
CD86 PO3 Biolegend 105105 0.625 
Granzyme B REA226 Miltenyi 130-101-

351 
5 

Biotin Antibodies 

Marker Clone Supplier Cat. No. Volume for 
1x106 cells 
(μl) 

I-Ad (MHC-II) 39-10-8 Biolegend 115003 0.125 
CD178 (FasL) MFL4 BD 

Biosciences 
556998 1 

PerCP Antibodies 

Marker Clone Supplier Cat. No. Volume for 
1x106 cells 
(μl) 

CD4 GK1.5 Biolegend 100431 0.16 

PE-Cy7 Antibodies 

Marker Clone Supplier Cat. No. Volume for 
1x106 cells 
(μl) 

Brilliant Violet 421 Antibodies 

Marker Clone Supplier Cat. No. Volume for 
1x106 cells 
(μl) 

CD25 PC61 Biolegend 102033 0.625 

Brilliant Violet 510 Antibodies 

Marker Clone Supplier Cat. No. Volume for 
1x106 cells 
(μl) 

CD44 IM7 Biolegend 103043 0.625 
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CHAPTER THREE: 

Exposure to the inflammatory tumour secretome 

induced an enhanced immunosuppressive phenotype 

in stromal cells which is dependent on stromal cell PD-

L1 expression 
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3.1 Introduction 

 

As discussed in Chapter 1, the stromal cell compartment of the tumour 

microenvironment has been shown to be an important prognostic factor for 

cancer patients. In fact, in a study of 263 lung adenocarcinoma patients, 

higher expression of α-SMA, not only on the tumour cells but also in the 

stroma, was found to correlate to a lower rate of overall survival and 

metastasis-free survival for patients (Lee et al., 2013). Further studies 

specifically in the setting of colorectal cancer have identified that a stromal 

cell signature from colon tumours is associated with tumour progression and 

a poorer outcomes in colon cancer patients (Calon et al., 2015, Isella et al., 

2015). While this observation of an association between higher stromal cells 

density and poor outcomes for patients is clear, the mechanisms underlying 

this association are unclear. It remains to be determined if the reason for 

the observed correlation of stromal density and genetic signatures with poor 

outcomes are due to an inherent tumour promoting property of these 

stromal cells, or their capacity to interact with and modulate components of 

the anti-tumour immune response. A vast array of data now exists to 

demonstrate the immunomodulatory potential of naïve or cytokine 

activated stromal cells and so it is entirely plausible that these cells will have 

a dramatic effect on anti-tumour immunity, in particular when present at a 

high density (Krampera, 2011). Considering the location of these stromal 

cells, positioned between the epithelial cells and the underlying vasculature, 

they are in a prime location to passively or actively impair immune cell 

activation and trafficking to neoplastic epithelial cells. It is poorly 

understood, however, how inflammation in the tumour microenvironment 

and the inflammatory tumour secretome affect these stromal-immune cell 

interactions.  

In light of the fact that T cells are key mediators of the anti-tumour immune 

response due to the correlation between tumour infiltrating T cells and 

positive patient outcomes, the numerous immunotherapies in development 
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that aim to target the T cell response and knowing that T cells can directly 

kill tumour cells, we sought to determine the effect of tumour conditioning 

on the ability of stromal cells to modulate the proliferation and effector 

function of T cells. To this end, the experiments described in this chapter were 

carried out with the aim of investigating the role of factors present in the 

tumour microenvironment in altering the proliferation and effector function 

of T cells. In addition, we examined the role of tumour cell inflammatory 

signalling on this process. 

There is a well-established and strong link between inflammatory bowel 

disease and the development of colorectal cancer (Terzic et al., 2010). The 

transcription factor NF-κB, which is a key regulator of both inflammation and 

cancer has been cited as a critical mediator in this process (Karin et al., 2002, 

Egan and Toruner, 2006). NF-κB regulates the expression of many pro-

inflammatory chemokines and cytokines, including CCL-2, CXCL-2, IL-6, TNF-

α and IL-1β in the tumour microenvironment and the activation of these 

molecules in cancer cells has been associated with colon cancer progression 

and metastasis (Greten et al., 2004, Luo et al., 2004, Gujral et al., 2014). 

Additionally, TNF-α can itself activate NF-κB signalling and has been shown, 

in the context of cellular therapy, to activate stromal cells to inhibit adaptive 

and innate immune effector mechanisms (Ren et al., 2012a). Furthermore, 

ligands known to be potent inhibitors of T cell proliferation and effector 

functions, PD-L1, PD-L2 and FasL, have all been linked to NF-κB signalling, 

and in the case of PD-L1, by TNF-α mediated activation of NF-κB in particular 

(Kucharczak et al., 2003, Liang et al., 2003, Bi et al., 2016, Lim et al., 2016) . 

However, although TNF-α and NF-κB are inextricably linked, the role of TNF-

α in colon cancer is controversial and poorly understood. In addition, the 

cues and stimuli in the inflammatory colon microenvironment that influence 

mesenchymal cell phenotype and function in this setting remain unknown. 

The data presented in this chapter provides an insight into the influence of 

tumour cell NF-κB signalling in response to TNF stimulation on the capacity 

of the tumour to influence the immunomodulatory capacity of stromal cells. 
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Finally, as mentioned in Chapter 1, several immunomodulatory ligands have 

been shown to be expressed on tumour cells and responsible for enabling 

tumour cells to avoid clearance by the anti-tumour immune response (Wang 

et al., 2016, Patel and Kurzrock, 2015). PD-L1, in particular, has shown to be 

of significant importance in a number of malignancies, and represents an 

attractive therapeutic target (Patel and Kurzrock, 2015). However, this 

strategy is not always effective and needs refinement and better patient 

stratification, particularly when it is noted that some patients for whom the 

treatment is ineffective will in fact be negatively affected following PD-1 

immunotherapy (Dunne et al., 2016). Furthermore, it has, in been observed 

that some patients whose tumour cells are deemed PD-L1 negative do in fact 

respond positively to PD-1 immunotheraoy (Ma et al., 2016). This highlights 

a need for better understanding of tumour microenvironmental PD-L1 

expression, particularly in the immunomodulatory stromal cell comparment. 

In this chapter we investigate the role of immunomodulatory ligand 

expression, in particular PD-L1, on the ability of stromal cells to modulate 

lymphocyte phenotype and function.   

 

Chapter 3 specific aims: 

1. To determine the effects of the tumour secretome on the ability of 

stromal cells to modulate T cell proliferation and effector function 

2. To investigate the role of tumour inflammatory signalling and NF-κB 

activation on this process 

3. To identify the alterations in stromal cells in response to 

inflammatory tumour conditioning and block or reverse these 

changes with pharmacological intervention 
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3.2 Results 

3.2.1 Inflammatory tumour conditioning of stromal cells results in a 

significantly enhanced capacity to inhibit T cell proliferation To test the 

functional consequences of tumour conditioning on the ability of stromal 

cells to inhibit lymphocyte proliferation and effector function we set up an 

ex vivo syngeneic culture system involving primary Balb/c stromal cells and 

lymphocytes and CT26 tumour cells, also of Balb/c origin. Primary murine 

stromal cells were isolated from Balb/c bone marrow from mice aged 

between 8 and 14 weeks. Primary bone marrow stromal cells represent a 

robust model cell type for examination of the effects of tumour conditioning 

on stromal cell components of the tumour microenvironment considering 

they share numerous characteristics with intestinal stromal cells (Mishra et 

al., 2008, Spaeth et al., 2009, Spaeth et al., 2013) . These cells can be 

successfully isolated with relative ease and are present in high enough 

density in the bone marrow to make numerous experiments feasible. These 

cells were characterised according to cell surface marker expression and the 

capacity for tri-lineage cells in terms of surface marker expression, gene 

signature s and differentiation (Figure 3.1) 
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To test the consequences of inflammatory tumour signalling upon these 

stromal cells, conditioned medium was harvested from CT26 cells and used 

to treat stromal cells in vitro (MSCTCM). In order to better mimic the 

Figure 3.1 Characterisation of primary Balb/c MSCs isolated from bone marrow 
(A) Bone marrow cultures were analysed by flow cytometry for their expression of 
cell surface markers necessary to confirm mesenchymal stromal cell phenotype. 
Black lines indicate antibody-specific staining, filled grey peaks represent isotype 
control staining. Tri-lineage differentiation capacity of MSCs was confirmed by the 
ability of MSCs to form (B)(i) adipocytes, (C) osteoblasts and (D) chondrocytes 
Error bars: mean +/- SEM **p<0.01 ***p<0.001 one-way ANOVA, Tukey’s Post Hoc 
Test n=3 
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inflammatory tumour microenvironment and to activate NF-κB signalling in 

tumour cells, CT26 were pre-activated with TNF-α and the treatment of 

stromal cells was repeated to yield “inflammatory tumour conditioned 

stromal cells” (MSCTNF-TCM). A luciferase reporter gene assay confirmed 

robust, dose-dependent activation of NF-κB in CT26 following treatment 

with TNF-α. Naïve and TNF-α treated stromal cells served as controls. This 

treatment strategy is summarised in Figure 3.2. 

 

 

 

 

 

 

 

Our ex-vivo co-culture system consisted of CFSE stained primary Balb/c 

lymphocytes co-cultured with these syngeneic, pre-conditioned stromal 

cells. Lymphocytes were activated and stimulated to proliferate by the 

addition of CD3/CD28 so-stimulatory beads. Following 72 hours in co-

culture, proliferation of CD4+ and CD8+ T cells, as defined by antibody 

staining, was analysed as described in Figure 3.3. Exposure to the 

3.2 Experimental set up 
(A) MSC were seeded at 0.035 x 106 cells per well of a 6 well plate in 2ml culture 
medium. 24 hours after seeding the culture medium was removed and replaced with 
40% fresh MSC medium and 60% tumour conditioned medium.  Fresh DMEM and 
DMEM with 100ng/ml TNF-α were added as controls. MSCs were analysed at 24, 48 
and 72 hours after addition of conditioned medium in 6 well plates, left to adhere 
for 24 hours and subsequently treated with 60% tumour conditioned medium for 72 

hours. Treatment groups were as follows:   (i) Untreated (MSC
Control

) (ii) TNF-α treated 

(MSC
TNF-α

) (iii) CT26 conditioned medium  (MSC
TCM

) (iv) Conditioned medium from 

CT26 pre-activated with TNF-α (MSC
TNF-TCM

) (B) NF-κB activation in CT26 in response 
to TNF-α treatment was measured by luciferase reporter gene assay. N=3 
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inflammatory tumour secretome did not alter the viability of stromal cells 

(Figure 3.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Gating strategy used to identify CD4+ and CD8+ T cell subset 
proliferation following co-culture with stromal cells 
(A) T cells were identified by (i) size and granularity, (ii) doublets excluded and (iii) 
populations stained for CD4 (PerCP) and CD8 (APC)(iv) Representative histograms 
of positive (bead-stimulated) and negative (unstimulated, no beads) controls 
based on CFSE expression   
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As previously documented, control MSCs were mildly suppressive in terms 

of their ability to reduce the proliferation of CD4+ and CD8+ T cells relative to 

positive control (stimulated T cells, no stromal cells), with a slight, but non-

significant increase in this suppressive capacity with high-dose TNF-α 

treatment (Lee et al., 2015b) (Figure 3.5). There was no significant increase 

in T cell suppressive capacity for stromal cells exposed to the control, non-

inflamed tumour secretome compared to TNF-α treated stromal cells. 

However, this suppressive capacity was significantly increased by stromal 

cell exposure to the inflammatory tumour secretome. Furthermore, there 

was a dose dependent response to increasing concentrations of TNF-α pre-

stimulation of CT26 tumour cells, with more potent suppression of CD4+ and 

CD8+ T cells observed with 100ng/ml TNF-α treatment of CT26 (Figure 3.5 

(iv)). This highlights a central role for tumour mediated inflammation in 

dictating the immunomodulatory role of the stromal compartment. For this 

reason, 100ng/ml TNF-α pre-activation of CT26 was chosen for all 

subsequent experiments. 

Figure 3.4 Tumour conditioning did not alter stromal cell viability  
(A) Gating strategy used to analyse cell death in MSCs following tumour 
conditioning for 72 hours. MSCs were identified based on (i) size and granularity 
(ii) Doublets were excluded by plotting FSC-A vs FSC-H (iii) Death was measured 
by plotting Annxin V (FITC) vs PI (PE). Cells were identified as: Early Apoptotic 
AnnexinV+PI-, Late Apoptotic AnnexinV+PI+ or necrotic AnnexinV-PI+ (v) Bar chart of 
stromal cell viability following treatment with tumour conditioned medium.  
Error bars: mean +/- SEM N=3 
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Figure 3.5 Inflammatory tumour conditioning of stromal cells results in a 
significantly enhanced capacity to inhibit T cell proliferation  
(A)To accurately determine MSC mediated effects on T cell proliferation 
FlowJo®V7 proliferation software was used to account for the percentage of 
lymphocytes in each generation of proliferation, and analysis was carried out and 
plotted for cells having undergone 2 or more generations of proliferation. 
Percentage suppression was calculated by: 100-
(%PositiveCtrlDivided/%SampleDivided)*100 
(B) Representative histograms displaying (i) CD4+ and (ii) CD8+ T cell suppression 
following 72 hour co-culture with tumour conditioned MSCs. Bar charts for (iii) 
CD4+ and (iv) CD8+ suppression greater than 2 generations.  
Error bars: mean +/- SEM *p<0.05, **p<0.01 ***p<0.001 one-way ANOVA, 
Tukey’s Post Hoc Test n=3 



75 
 

Cytotoxic T lymphocytes (CTLs) are critical effectors of the anti-tumour 

immune response, and can carry out their cell killing function in a number of 

different ways. Two important mechanism by which CTLs clear transformed 

or malignant cells  is via indirect killing by release of cytokines such as IFN-γ 

or TNF-α, or direct killing by release of cytotoxic proteases such as granzyme 

B (Andersen et al., 2006, Hodge et al., 2014). In addition to enhanced T cell 

suppression, inflammatory tumour conditioned stromal cells, compared to 

control stromal cells, also significantly reduced lymphocyte activation as 

measured by cytokine and effector molecule release (Figure 3.6). ELISA 

analysis of cell culture supernatants showed that co-culture of lymphocytes 

with inflammatory tumour conditioned stromal cells resulted in a significant 

reduction in TNF-α and IFN-γ release two important cytokines employed by 

T cells in mounting a response against transformed cells and in stimulating 

other components of the anti-tumour immune machinery. There was also a 

significant reduction in the cytolytic capacity of lymphocytes when cultured 

with inflammatory tumour conditioned stromal cells, as measured by a 

reduction in granzyme B, a cytotoxic protease released by T cells for the 

purpose of direct killing of target cells, (Figure 3.6A). The overall inhibitory 

effect exerted by tumour conditioned stromal cells on T cell proliferation and 

effector phenotype was most potent following stromal cell exposure to the 

secretome from TNF-α pre-treated CT26, indicating a requirement for 

inflammatory signalling in the tumour microenvironment in dictating stromal 

cell immunomodulatory function. These data demonstrate an enhanced 

ability of stromal cells to prevent the proliferation, activation and effector 

function of T cells following exposure to the inflammatory tumour 

secretome. Considering the close contact between the tumour cells and 

stromal niche, an immunosuppressive stromal compartment could impede 

anti-tumour immune effector subsets, such as CD8+ cytotoxic T lymphocytes 

to eliminate transformed or malignant cells. 
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3.2.2 Exposure to the inflammatory tumour secretome induces markers of 

an enhanced immunosuppressive ability on the stromal cell surface 

Stromal cells have been shown to inhibit T cell responses by both cell 

contact-dependent mechanisms via cell surface protein expression, and cell 

contact independent mechanisms via release of soluble mediators 

(Chinnadurai et al., 2014a, Di Nicola et al., 2002). Early preliminary 

experiments in our lab involving the use of transwells to separate MSCs and 

T cells indicated that the mechanism for our observations here were contact-

dependent. Furthermore, our findings of an enhanced immunosuppressive 

stromal cell potential following exposure to the inflammatory tumour 

secretome was observed following contact-dependent interactions between 

the stromal cells and lymphocytes, so this prompted a comprehensive 

analysis of an array of ligands on the stromal cell surface known to have 

immunomodulatory capacity. This analysis was carried out at for an early 

time point – 24 hours (Figure 3.7A, B, C) and the time at which stromal cells 

were added to the lymphocyte co-culture system – 72 hours (Figure 3.7D, E, 

F). These time points were selected as we believed such analysis would allow 

Figure 3.6 Inflammatory tumour conditioning of stromal cells results in a 
significantly enhanced capacity to inhibit T cell activation and cytolytic capacity 
Culture supernatants were analysed for the presence of cytokines and T cell 
effector molecule release by (A) ELISA (TNF-α, IFN-γ and Granzyme B)  
Error bars: mean +/- SEM *p<0.05, **p<0.01 ***p<0.001 one way ANOVA, Tukey’s 
Post Hoc Test n=3 
 

Figure 3.6 Inflammatory tumour conditioning of stromal cells results in a 
significantly enhanced capacity to inhibit T cell activation and cytolytic capacity  
(A) Cell culture supernatants were analysed for the presence of cytokines and T 
cell effector molecule release following 72 hour co-culture. Error bars: mean +/- 
SEM *p<0.05, **p<0.01 one-way ANOVA, Tukey’s Post Hoc Test n=3  
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us to identify the cell surface proteins responsible for the enhanced 

immunosuppressive phenotype we had observed in previous experiments, 

but also provide insight into the dynamics of protein expression on the 

stromal cell surface following initial interaction with the factors present in 

the inflammatory tumour microenvironment and thus, potentially provide 

insight as to the primary signalling pathways activated in stromal cells by this 

inflammatory tumour signalling (discussed in detail in Chapter 5). 

We began by measuring the expression levels of the ligands for the T cell 

receptor – MHC-I and MHC-II, and co-receptor – CD80 and CD86 (Figure 3.7A 

(24hr), D (72hr)). Compared to control cells, tumour conditioning, in the 

presence or absence of inflammation, had no effect on the surface 

expression of MHC-II or CD86, with expression of these two markers 

remaining very low or negative for both time point analysed (Figure 

3.7A(ii),(iv), D(i),(iv)). CD80 expression was decreased by tumour 

conditioning, irrespective of inflammation, but with expression levels 

remaining high at both 24 and 72 hours (Figure 3.7A(iii), D(iii)). Interestingly, 

there was a significant increase in MHC-I expression following stromal cell 

exposure to the tumour secretome, and this effect was significantly 

enhanced by inflammatory tumour activation and was sustained over 72 

hours (Figure 3.7A(i), D(i)). This observation may have important 

consequences, considering tumour antigens can be presented on MHC-I 

complexes. This increased MHC-I expression can potentially result in 

dysfunctional activation of antigen-specific CD8+ T cells whereby tumour 

antigen is presented as “self”, thus inducing tolerance to the tumour, or 

alternatively, the increased MHC-I will present tumour antigen to T cells, but 

the lack of a concomitant increase in co—stimulatory molecule expression 

will lead to T cell anergy or death (Hirosue and Dubrot, 2015).  

The next markers we investigated were CD73 and CD44 (Figure 3.7B and E). 

CD73 has been shown to inhibit activation, clonal expansion and homing of 

tumour-specific T cells and its expression in the tumour stromal 

compartment is associated with poor patient survival (Antonioli et al., 2016, 
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Huang et al., 2014). CD44 is a multifunctional glycoprotein shown to be 

important in stromal cells acquiring a tumour-promoting, activated 

fibroblast phenotype (Spaeth et al., 2013). At the earlier time point CD73 

expression remained unchanged following tumour conditioning (Figure 

3.7B(i))  with a decrease in expression observed at 72 hours (Figure 3.7E(i)). 

However, this increase was independent of inflammatory tumour 

conditioning, as a similar decrease was observed for stromal cell treatment 

with TNF-α, the control tumour secretome, or inflammatory tumour 

secretome. There was a very moderate increase in CD44 expression 

following exposure to the inflammatory tumour secretome at 24 hours 

(Figure 3.7B(ii)), but this increase was no longer evident at 72 hours (Figure 

3.7E(ii)).  

Finally, we assessed the expression levels of PD-L1, PD-L2 and Fas Ligand, 

three known inhibitors of T cell proliferation and effector function (Figure 

3.7C and F) (Igney and Krammer, 2005, Latchman et al., 2001, Nguyen and 

Ohashi, 2015). Expression of PD-L2 and Fas Ligand, were found to be low or 

almost absent respectively, and remained unchanged following exposure to 

the tumour secretome for both time points assessed (Figure 3.7C(ii)(iii) and 

3.7F(ii)(iii)). However, PD-L1, a T cell inhibitory ligand known to contribute 

to tumour immune escape, was found to be dramatically increased following 

inflammatory tumour conditioning at the earlier time point (Figure 3.7C(i)) 

and this increase was sustained over 72 hours (Figure 3.7F(i))  (He et al., 

2015, Juneja et al., 2017). Taken together these results point to induced PD-

L1 expression on stromal cells as a potentially important mechanism 

underpinning the observation of an enhanced immunosuppressive capacity 

in these cells, and thus we felt, warranted further investigation. 
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Figure 3.7 Exposure to the inflammatory tumour secretome induces markers of 
an enhanced immunosuppressive ability on the stromal cell surface 
Representative histograms and bar charts displaying median fluorescent intensity 
(MFI) for flow cytometric analysis of the stromal cell surface following (A-C) 24 
hour and (D-F) 72 hour exposure to the inflammatory tumour secretome 
Error bars: mean +/- SEM *p<0.05, **p<0.01 ***p<0.001 one-way ANOVA, 
Tukey’s Post Hoc Test n=3 
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3.2.3 The tumour secretome mediated induction of PD-L1 on the stromal 

cell surface is stable under conditions of normoxia and hypoxia  

In response to the published finding that PD-L1 expression on MDSCs and 

other immune cells in tumour bearing mice was dependent on hypoxia-

inducible factor (HIF)-1α, and in light of the fact that hypoxia is a common 

feature of many solid tumours, we next sought to test the effects of hypoxic 

culture conditions on the induction of PD-L1 expression on stromal cells 

(Figure 3.8A) (Noman et al., 2014, Semenza, 2011). To this end, stromal cells 

were cultured, passaged and grown to the same confluency in hypoxia as for 

previous experiments in normoxia described thus far. We compared the 

level of PD-L1 induced by control and inflammatory tumour conditioned 

medium under normoxic (21% O2) and hypoxic (5% O2) conditions in terms 

of fold induction so that we could normalise to control MSCs on different 

days of analysis. The induction of PD-L1 on the stromal cell surface following 

culture and treatment under hypoxic conditions was similar to that observed 

under normoxic culture conditions, with no differences detected in the level 

of PD-L1 induced on the stromal cell surface (Figure 3.8A(iii)). Since we did 

not observe any difference in PD-L1 induction between normoxic and 

hypoxic culture conditions, and the fact that our earlier immunosuppression 

results were obtained following culture under normoxic culture conditions, 

we carried out all further analysis using stromal cells grown under conditions 

of normal oxygen concentration. 
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3.2.4 The level of PD-L1 induced on stromal cells following exposure to the 

inflammatory tumour secretome is comparable to that expressed on CT26 

tumour cells, and correlates directly with their in vitro immunosuppressive 

capacity 

CT26 tumour cells are described as immunogenic and have been shown to 

express robust levels of PD-L1 (Lau et al., 2017). We next sought to 

determine how the level of PD-L1 expression induced on the stromal cell 

surface compared to the level expressed on CT26 tumour cells, since it is 

Figure 3.8 The tumour secretome mediated induction of PD-L1 on the 
stromal cell surface is stable under conditions of normoxia and hypoxia 
(A) Representative histograms displaying median fluorescent intensity (MFI) for 
flow cytometric analysis of the stromal cell surface PD-L1 expression under (i) 
normoxic and (ii) hypoxic culture conditions (iii) The magnitude of PD-L1 induction 
expressed relative to the level expressed on control stromal cells for each time 
point and culture condition (B)  
Error bars: mean +/- SEM **p<0.01 ***p<0.001 one-way ANOVA, Tukey’s Post Hoc 
Test N=3 
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now well documented that it is not only PD-L1 expression on tumour cells, 

but accessory cells in the tumour microenvironment, that can predict 

patient outcomes and responses to immune checkpoint therapy (Kim et al., 

2016, Santarpia and Karachaliou, 2015). We found that the level of PD-L1 

induced on the stromal cell surface following exposure to the inflammatory 

tumour secretome was comparable to the level of basal expression of PD-L1 

on CT26 (Figure 3.9A). This finding again points to a potential important role 

for the stromal niche in dictating the fate of tumour infiltrating PD-1 

receptor expressing immune cells. In order to test the dependency of this 

observed enhanced immunosuppressive capacity, we next aimed to block 

PD-L1/PD-1 signalling interactions in our co-culture system. Before doing 

this, and to validate the targeting of this signalling pathway, we carried out 

a correlative analysis to verify a link between PD-L1 expression and 

immunosuppressive ability. When the level of stromal cell PD-L1 expression 

was plotted against the ability to suppress CD8+ T cell suppression a Pearson 

correlation coefficient of 0.9088 was obtained with a p value of 0.0003, 

indicating an almost linear, very strong positive correlation between the 

level of PD-L1 induced on the stromal cell surface and the ability to inhibit 

CD8+ T cell proliferation (Figure 3.9B (ii)). Although weaker, there was also a 

high degree of correlation between PD-L1 expression level and the ability of 

stromal cells to suppress CD4+ proliferation, as demonstrated by a Pearson 

correlation coefficient of 0.7728 (Figure 3.9B (i)). We felt that these data 

provided compelling rationale for blocking PD-L1/PD-1 signalling 

interactions in our co-culture system in order to confirm a role for stromal 

cell immunosuppression in response to signals released from the 

inflammatory tumour microenvironment.  
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3.2.5 Blocking PD-1 signalling reverses the increased CD8+ T cell 

suppression induced by inflammatory tumour conditioned stromal cells 

Since we had observed strong correlations between the level of PD-L1 

expressed on the stromal cell surface, we next aimed to confirm a definitive 

role for role for stromal cell PD-L1 in the suppression of T cell proliferation 

and activation. In order to assess this we targeted the PD-1/PD-L1 signalling 

axis using a monoclonal blocking antibody to PD-1 receptor. For this reason, 

we began our analysis by measuring the expression of the PD-L1 receptor, 

PD-1, on primary murine lymphocytes. We observed high PD-1 expression 

on both CD4+ and CD8+ T cells (Figure 3.10A) in our culture system. 

Figure 3.9 The level of PD-L1 induced on stromal cells following exposure to the 
inflammatory tumour secretome is comparable to that expressed on CT26 
tumour cells, and correlates directly with their in vitro immunosuppressive 
capacity (A) Representative histogram and bar chart for PD-L1 expression on 
stromal and CT26 tumour cells (B)  Pearson correlation coefficients of 0.7728 and 
0.9088 were calculated for PD-L1 MFI on stromal cells after 72 hour exposure to 
the inflammatory tumour secretome (from Figure 3.7F) plotted against 
percentage CD4+ T cell suppression and CD8+ T cell suppression (calculated in 
Figure 3.5 (iii) and (iv)) respectively 
Error bars: mean +/- SEM ***p<0.001 one-way ANOVA, Tukey’s Post Hoc Test N=3 
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Treatment with anti-PD-1 antibody significantly reduced the ability of 

inflammatory tumour conditioned stromal cells to suppress the proliferation 

of CD8+ T cells (Figure 3.10B(iii)) In fact, following α-PD-1 antibody 

treatment, CD8+ T cell suppression elicited by stromal cells exposed to the 

inflammatory tumour secretome was comparable to that induced by stromal 

cells exposed to the tumour secretome alone or TNF-α treated MSCs. These 

findings indicate that the enhanced CD8+ T cell suppressive capacity of these 

cells is dependent on stromal PD-L1 expression induced by inflammatory 

signalling in the tumour microenvironment. A similar trend was seen with a 

decrease in the capacity of inflammatory tumour conditioned stromal cells 

to inhibit CD4+ T cell suppression upon treatment with anti-PD-1, but this 

change was not statistically significant indicating a separate, as yet unknown 

mechanism by which stromal cells in the tumour microenvironment 

modulated CD4+ T cells (Figure 3.10B(ii)). Additionally, PD-1 blockade was 

sufficient to restore lymphocyte activation and cytolytic potential, as 

determined by ELISA based measurements of IFN-γ, TNF-α and granzyme B 

secretion (Figure 3.10C). This demonstrates the critical role of the PD-1/PD-

L1 signalling axis in the ability of tumour-conditioned stromal cells to inhibit 

CD8+ T cell mediated anti-tumour immune effector functions. Secretion of a 

panel of sever other pro- and anti-inflammatory cytokines measured by 

Bioplex analysis showed that secretion of one other cytokine, IL-5, a cytokine  

important in aiding B cell maturation and antibody production, was 

enhanced by the blockade of the PD-1/PD-L1 signalling axis.  (Takatsu, 2011). 

This is potentially an important finding worthy of further investigation given 

the ability of IL-5 to activate and aid the migration of eosinophils, another 

population of immune cells with known anti-tumour capabilities (Carretero 

et al., 2015) 
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3.2.6 PD-L1 is also induced on human stromal cells exposed to the 

inflammatory tumour secretome, irrespective of microsatellite instability, 

and is differentially expressed on cancerous stroma in clinical samples 

Since our experiments to date had been carried out using murine tissue, and 

before proceeding to in vivo studies, we next wanted to confirm the 

phenomenon of stromal cell PD-L1 induction in response to the 

inflammatory tumour secretome in human cells. Using primary human bone 

marrow stromal cells, we observed a significant increase in PD-L1 expression 

upon exposure to the inflammatory tumour secretome irrespective of 

microsatellite (HCT116) or chromosomal (HT29) instability (Figure 3.11A (i) 

and (ii)) (Dunican et al., 2002). In addition to this, we collaborated with Dr. 

Philip Dunne from the Centre for Cancer Research and Cell Biology in 

Queen’s University Belfast, who provided us with transcriptional profiles of 

CRC resection samples, which had been laser capture microdissected (LCM) 

to isolate the stromal and epithelial fractions prior to microarray profiling. 

Assessment of PD-L1 gene expression (CD274) indicated a significantly 

higher level of PD-L1 in the stromal compartment of CRC compared to the 

epithelial cells (Figure 3.11 B(i)). Importantly, assessment of EpCam, E-

caderhin (CDH1) as markers of epithelial lineage, and, PDGFRA, THY1 (CD90), 

ENG (CD105), α-SMA (ACTA2) and Vimentin (VIM) as markers of 

mesenchymal lineages further confirmed the purity of the samples following 

LCM (Figure 3.11 B(ii)). 

Figure 3.10 Blocking PD-1 signalling reverses the increased CD8+ T cell suppression 
induced by inflammatory tumour conditioned stromal cells (A) Representative 
histograms of PD-1 expression on murine CD4+ and CD8+ T cells (B)(i) Representative 
histograms of CD4+ and CD8+ T cells with (blue histogram/bars) and without (black 
dotted histogram/black bars) PD-1 blocking antibody (ii) and (iii) Bar charts showing % 
CD4+ and CD8+ T cell suppression following treatment with PD-1 blocking antibody (C) 
Measurement of cytokines and T cell effector molecules secrete  into culture 
supernatants following treatment with anti-PD-1 mAb (blue bars) as measured by (i) 
ELISA and (ii) Bioplex analysis 
Error bars: mean +/- SEM *p<0.05, **p<0.01, one-way ANOVA, Tukey’s Post Hoc Test 
N=3 
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Our data in both mouse and human models has indicated that PD-L1 

expression is elevated in MSCs following exposure to conditioned media 

from inflammatory stimulated colon cancer cells. Cancer associated 

fibroblasts (CAFs) represent a major component of CRC stroma, and as such 

provides a suitable model to test our findings in CRC clinical samples. 

Therefore we utilised gene expression profiles derived from patient-

matched primary fibroblasts (n=14 samples from 7 patients) isolated from 

within CRC tissue (CAFs), to represent MSCs following cancer-cell exposure, 

or from adjacent, albeit distant, normal mucosal tissue (Normal) to 

represent unconditioned MSCs. Analysis of overall gene expression profiles 

indicated a non-significant trend (p-value 0.10; range 1.15 – 1.08 fold-

change) towards increased PD-L1 gene expression in CAFs compared to 

normal (Figure 3.11C (i) and (ii)). Importantly, a pairwise analysis of patient 

matched samples further confirmed this finding, with 6 of the 7 matched 

CAFs displaying an increase in PD-L1 gene expression compared to their 

patient-matched normal fibroblast (Figure 3.11D (i) and (ii)). 
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These findings are particularly interesting in the context of immunotherapy 

where biologics targeting PD-L1 and PD-1 are showing great promise. So 

much so that nivolumab, an antibody targeting PD-1, received FDA approval 

for metastatic colon cancer in August of this year (FDA, 2017). However, 

while success in treating patients is evident, this is only true for a subset of 

patients. A number of clinical trials have relied on measurements of PD-L1 

expression on tumour cells, or tumour infiltrating immune cells in an effort 

to predict those patients that will respond best, but this method of 

stratification has had only limited success, with evidence now showing that 

some patients deemed PD-L1 negative will in fact respond to this kind of 

therapy (Ma et al., 2016, Ribas and Hu-Lieskovan, 2016). Our findings may 

highlight an important role for stromal cell PD-L1 expression in modulating 

anti-tumour T cell responses and in selecting optimal immunotherapeutic 

strategies for patients. 

 

Figure 3.11 PD-L1 is also induced on human stromal cells exposed to the 
inflammatory tumour secretome, irrespective of microsatellite instability, 
and is differentially expressed on cancerous stroma in clinical samples  
(A) Representative histograms and bar charts of PD-L1 expression on human MSCs 
following exposure to the inflammatory tumour secretome from (i) HCT116 and 
(ii) HT26 tumour cells  

Error bars: mean +/- SEM *p<0.05, **p<0.01, one-way ANOVA, Tukey’s Post Hoc 
Test N=3 

(B)(i) Relative PD-L1 gene expression profile on epithelial and stromal cells from 
CRC patients (ii) Clustering for gene expression profiles of PDGFRA, CD274 (PD-
L1), THY1 (CD90), ENG (CD105), Vimentin, ACTA2 (α-SMA), CDH1 (E-cadherin) and 
EPCAM (C)(i) Relative PD-L1 gene expression profile on normal and cancer 
associated fibroblasts CRC patients (ii) Clustering for gene expression profile of 
CD274 (PD-L1) between normal and cancer-associated fibroblasts (CAFs). (D) 
Pairwise analysis of relative PD-L1 gene expression between normal and cancer-
associated fibroblasts from patients with CRC (ii) Clustering for gene expression 
profile of CD274 (PD-L1), Vimentin and ACTA2 (α-SMA) (mesenchymal lineage) 
and CDH1 (E-cadherin) and EPCAM (epithelial lineage). 

Error bars: Min-Max ****p<0.0001, unpaired T test 
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3.3 Discussion 

In this chapter we show for the first time that exposure to the inflammatory 

tumour secretome induces an enhanced immunosuppressive phenotype in 

stromal cells. Furthermore, we present the novel finding that this enhanced 

immunosuppressive phenotype observed in inflammatory tumour 

conditioned stromal cells is mediated by PD-L1 induction on the stromal cell 

surface. 

Tumour conditioning enhanced MSC capacity to suppress CD4+ and CD8+ T 

cells  

In agreement with previously published data, we show that mesenchymal 

stromal cells are mildly suppressive in terms of their capacity to inhibit T cell 

proliferation, and this capability is not dramatically affected by TNF-α 

treatment (Keating, 2008, Ren et al., 2008). However, we show in this 

chapter that this immunosuppressive capacity is significantly enhanced by 

exposure to the tumour secretome (Figure 3.5). Furthermore, we show for 

the first time that this enhancement of stromal cell immunomodulatory 

capacity is dependent on signalling taking place in the tumour in response 

to inflammatory activation. Although the actual physiological levels of TNF-

α in the colon during inflammation or cancer, (we based our selection of 

TNF-α dose on that in the literature), monocytes from colorectal cancer 

patients have been shown to produce significantly more TNF-α than those 

from healthy patients. Furthermore, the level of TNF-α produced by these 

cells increased to as high as 2298pg/ml when taken from those patients with 

later stage disease (Stanilov et al., 2014)Given that this is only one of the 

several TNF-α producing cells in the inflamed colon we estimate the actual 

levels present to be very high. We hypothesise that tum our cell NF-κB 

activation is the mechanism responsible for our observed results, for two 

main reasons. Firstly, a vast body of evidence exists to show a strong link 

between constitutive NF-κB activation in the colon, as occurs in many 

patients with inflammatory bowel disease, with the development of 
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colorectal cancer (Ben-Neriah and Karin, 2011, Greten et al., 2004, Karin, 

2009). Furthermore, data from our own lab shows that targeting colon 

tumour cell NF-κB reduces tumour growth, an effect which is partially 

dependent on an induced M1 macrophage phenotype (Ryan et al., 2015). 

This reduction in tumour burden is, however, not entirely reversed by 

depletion of macrophages, indicating the involvement of at least one more 

immunomodulatory cell type, whose immunomodulatory function is also 

under the influence of NF-κB. Secondly, the inflammatory stimulus used to 

activate the tumour cells in our experiments was TNF-α.This cytokine is a 

known potent, and commonly used activator of NF-κB signalling (Schutze et 

al., 1995, Zhou et al., 2003). Additionally, we show by luciferase reporter 

gene assay, a dose-dependent induction of NF-κB signalling in CT26 tumour 

cells in response to treatment with TNF-α (Figure 3.2B). In order to confirm 

the pivotal role for NF-κB signalling in tumour cells in modulating the 

immunomodulatory capacity of the tumour stromal compartment, it will be 

necessary to target NF-κB before exposing stromal cells to the tumour 

secretome. This will be further discussed in Chapter 5. 

 

Tumour conditioning stromal cells reduce activation and cytolytic capacity 

of T cells 

In addition to showing an increased ability of inflammatory tumour 

conditioned stromal cells to inhibit the proliferation of CD4+ and CD8+ T cells, 

we also show that these stromal cells reduce the activation and cytolytic 

capacity of T cells, as measured by the release of T cell effector molecules 

(Figure 3.6). As mentioned earlier, TNF-α and IFN-γ have important roles to 

play in the anti-tumour immune response, and in particular, in stimulating 

other anti-tumour immune effector cells. Granzyme B is a cytotoxic protease 

release by cytotoxic T lymphocytes for the purpose of killing tumour cells 

(Rousalova and Krepela, 2010, Hodge et al., 2014). A diminished secretion of 

these important anti-tumour immune effector molecules indicates a T cell 
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phenotype less capable of clearing transformed or malignant cells. As was 

the case for inhibition of T cell proliferation, this inhibition of effector 

molecule release was, in the case of TNF-α and granzyme B, dependant on 

tumour cell inflammatory activation, where the observed reduction in IFN-γ 

was dependent only on tumour conditioning, and independent of 

inflammatory tumour signalling. Taken together these data suggest that in 

an inflammatory tumour microenvironment, not only could T cell 

proliferation be dramatically inhibited, but also that those T cells are likely to 

have diminished cytolytic capacity and determined by release of proteolytic 

compounds.   

The increased immunosuppressive phenotype observed for inflammatory 

tumour conditioned stromal cells is dependent on stromal cell PD-L1 

expression 

The finding that the immunomodulatory potential of stromal cells in the 

tumour microenvironment is, in the case of CD8+ T cell suppression and 

effector molecule release, dependent on PD-L1 has particular relevance in 

light of recent developments in the field of cancer immunotherapy. The uses 

of PD-1 or PD-L1 immune checkpoint inhibitor are beginning to enter 

widespread use in the clinic. Our finding of a lack of a significant restoration 

of CD4+ T cell proliferation could point to a second mechanism of T cell 

suppression employed by tumour conditioned stromal cells. It is known that 

TGF-β can induce a regulatory CD4+ T cell phenotype (Treg), and a more 

comprehensive analysis of these signalling pathways may shed further light 

on this observation (Moo-Young et al., 2009). 

From the initial approval for pembrolizumab in unresectable melanoma only 

three years ago, four more agents targeting this signalling pathway have 

already joined the list of approved tumour immunotherapeutics (discussed 

in Chapter 1), and the indications in which these drugs have been approved 

is increasing rapidly, with FDA approval for use in colon cancer having been 

granted very recently  (Alexander, 2016, FDA, 2017). This highlights the 
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importance of the PD-1/PD-L1 signalling axis in tumour progression. 

However, not all patients respond to this therapy and much remains to be 

elucidated in terms of patient stratification for therapy and the mechanism 

of action and cellular targets of PD-1/PD-L1 inhibition. To date very few 

studies exist examining these effects in vitro or in vivo. The experiments 

described by Wang et al., go some way as to investigating the mechanism of 

action of PD-1 inhibition using an ex-vivo culture system similar to that used 

in this chapter with DCs used in place of stromal cells (Wang et al., 2014a). 

The authors in this case show that their PD-1 antibody bound PD-1 with high 

affinity and specificity and prevented the interaction with ligands of this 

receptor. They did not detect any antibody-mediated cell cytotoxicity but did 

observe an increase in IFN-γ release in their DC/T cell co-culture. (Wang et 

al., 2014a). This increase in IFN-γ release from T cells following PD-1 blockade 

agrees with the data presented in this chapter. Data is lacking to demonstrate 

granzyme B release in vitro following PD-1 blockade, but this protease has 

been shown to be enhanced in CD8+ T cells in those patents in which a 

positive response to PD-1 immunotherapy was observed (Tumeh et al., 

2014). With regards TNF-α release, this remains largely unexplored in the 

setting of cancer immunotherapy, but in a set of experiments whereby T cells 

were transfected with PD-1 RNA, it was observed that increasing expression 

of PD-1 correlated with increased suppression of TNF-α expression (Wei et 

al., 2013). Our data suggests that simply ligation of PD-1 by its receptor PD-

L1, rather than expression of PD-1 on the T cell, is sufficient to diminish TNF-

α production (Figure 3.6A, 3.10C). While the roles of IFN-γ, TNF-α and 

granzyme B in anti-tumour immune responses are well documented, data 

for the role of IL-5 is lacking, but some reports suggest that this cytokine can 

play a role in tumour suppression and augmented tumour eosinophil 

infiltration, suggesting an as yet unknown mechanism of anti-tumour 

immune stimulation by PD-1 blockade (Ikutani et al., 2012). 

A more recent study by Grenga et al., shows that addition of a PD-L1 blocking 

antibody enhanced antigen specific T cell responses (Grenga et al., 2016). 
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Although targeting the ligand, PD-L1, rather than the receptor, PD-1 as was 

done in our case, this observation raises some interesting questions that, 

although outside the scope of this thesis, warrant further investigations in 

the future. In examining CFSE proliferation peaks following PD-1 blockade in 

our in vitro system, it appears that the restoration of T cell proliferation is 

specific to one particular population of CD8+ T cell, as indicated by a 

particularly large final peak (Figure 3.10 B(i) Blue lines on histogram). This 

large fourth/fifth peak is indicative of a particular subset of the CD8+ T cell 

population that, when the PD-1 checkpoint is lifted, proliferates to a much 

greater extent that the rest of the CD8+ T cells. It is possible that these 

proliferative T cells are indeed antigen specific and responding to a particular 

antigen expressed on the stromal cell surface, but this will need to be further 

explored before any conclusions can be drawn. This leads us to question the 

antigen presentation capacity of mesenchymal stromal cells. Some limited 

data does exist to show that MSCs are capable of antigen uptake and 

presentation, though little has been done to further these initial findings 

(Francois et al., 2009, Chan et al., 2006). Furthermore, since our stromal cells 

are only exposed to the tumour secretome and not in direct contact with 

tumour cells, this may suggest that the tumour sheds soluble antigen, 

possibly in response to inflammatory stimulus. Interestingly, we observed a 

dramatic and significant increase in MHC-I expression on the stromal cells 

following inflammatory tumour conditioning, which as mentioned, could 

allow for presentation of tumour antigens and dysfunctional CD8+ T cell 

activation (Hirosue and Dubrot, 2015).  

As regards TH1/TH2 CD4+ T cell polarisation following PD-1 blockade and 

restoration of T cell proliferation, our data is not definitive. We observe a 

significant restoration of TNF-α secretion and a trend towards restored IFN-

γ production from the lymphocytes in our cultures, two cytokines indicative 

of a TH1 type response (Cavalcanti et al., 2012). However, at the same time 

as seeing restored TNF-α and IFN-γ production, we also observed a 

significant increase in IL-5 release. This cytokine, along with IL-4 and IL-13 
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are characteristic of a TH2 type response (Linch et al., 2016). This is further 

complicated by the observation that TH2 type inflammatory responses have 

implicated in facilitating tumour growth, with the opposite effect attributed 

to a TH1 type responses (Nishimura et al., 1999, Nishimura et al., 2000). 

Studies using peripheral blood from patients with melanoma and prostate 

cancer show that, in agreement with our findings, PD-1 blockade induces 

IFN-γ release or induction of a TH1 type response in T cells, but also that PD-

1 blockade results in diminished production of TH2 type cytokines (Dong et 

al., 2017, Dulos et al., 2012). The differences between the results we 

obtained in our studies and those referenced here could be attributed to 

species, cell type or disease-specific differences given that our cells are 

isolated from murine lymph nodes and in contact with colon cancer 

conditioned stromal cells, compared to those referenced whereby T cells 

were isolated from human peripheral blood from patients with melanoma 

or pancreatic cancer. However, the effects of PD-1 blockade on TH1/ TH2 

polarisation in the setting of colorectal cancer certainly warrants further 

investigation. 

PD-L1 is induced on human stromal cells by exposure to the secretome from 

inflammatory activated human colon cancer cells, irrespective of 

microsatellite instability 

We were able to show this phenomenon of inflammatory tumour induced 

PD-L1 expression on human stromal cells in response to the secretome from 

microsatellite (HCT116) or chromosomal HT29 instable human colon tumour 

cells. This is particularly important in light of data showing a better response 

to PD-1 immunotherapy in MSI-high colon cancer patients. We suggest that 

this is, as was discussed by Huang and Wu, a result of a lower mutational 

load attracting much fewer tumour infiltrating CD8+ T cells (Huang, 2017). In 

this setting, PD-1 inhibition is of limited use since there is a paucity of T cells 

whose effector function can be disinhibited by such therapy. However, as the 

authors suggest, treatment with a second, immunostimulatory agent such as 

MEKi could lead to CD8+ T cell infiltration, and thus synergistic and very 
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favourable responses in these patients (Huang, 2017, Ebert et al., 2016). 

Similarly, several other agents have been suggested for use in PD-1 targeting 

combinational strategies, the immunomodulatory functions of which may 

serve to convert a “cold”, T cell deficient tumour microenvironment, to one 

in which T cell infiltrate is present and ready for activation (Bu, 2017). 

Summary: Interpretation, Limitations and Further Studies 

We have shown in this chapter that naïve stromal cells can be polarised to a 

more immunosuppressive phenotype with enhanced ability to suppress T 

cell proliferation and effector function by exposure to the inflammatory 

tumour secretome. We identify PD-L1 induction on the stromal cell surface 

as a mechanism, at least in part, for this enhanced immunosuppressive 

phenotype, as confirmed by blockade of the PD-1 receptor resulting in 

restored CD8+ T cell proliferation and effector molecule release. 

We did not, however, see a significant restoration in the proliferation of 

CD4+ T cells following PD-1 blockade, despite a similar level of CD4+ T cell 

suppression observed upon co-culture with inflammatory tumour 

conditioned stromal cells. This point to a probable second mechanism of 

enhanced immunosuppression by inflammatory tumour conditioned 

stromal cells. This mechanism may be better elucidated in further studies 

probing more deeply the stromal cell surface, the factors present in the 

tumour secretome, and the signalling pathways activated in and soluble 

mediators released from inflammatory tumour conditioned stromal cells.  

We hypothesise that this induction of PD-L1 is dependent on NF-κB signalling 

in the tumour cell, but further studies targeting tumour cell NF-κB are 

necessary to confirm this. This will be discussed further in Chapter 5. 

Furthermore, the molecular mechanism of the induced PD-L1 expression on 

stromal cells is not clear at this point and will also be further discussed in 

Chapter 5.  
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We show a decrease in the cytolytic capacity of CD8+ T cells following co-

culture with inflammatory tumour conditioned stromal cells as defined by a 

reduction in effector cytokine release. A second way in which this could be 

measured may be to sort back T cells after this 72 hour co-culture for 

inclusion in a direct killing assay with CT26 tumour cells. 

Finally, we chose to use murine Balb/c stromal cells and murine CT26 tumour 

cells, also of Balb/c origin, so that when investigating our hypotheses in vivo 

we can use a fully immunocompetent and fully MHC-matched murine model 

without the need for ablation of certain populations of immune cells or 

suppression of graft-rejection by other means. We believed that that this 

would allow us recapitulate the host anti-tumour immune response in a 

model in vivo system as best we could in order to accurately determine the 

immunomodulatory role of tumour conditioned stromal cells. However, 

future studies will look at the ability of human colorectal cancer cells to 

induce an immunomodulatory phenotype in primary human bone marrow 

cells, and furthermore, stromal cells isolated from fresh tumour specimens. 

This will expand our understanding of the complex interactions taking place 

in the tumour microenvironment and lead to better insights into patient 

stratification and therapeutic targeting of tumour microenvironmental 

components leading to better clinical prognosis. 

 

 

 

 

 

 

Figure 3.12 Summary 

In the inflammatory tumour microenvironment, stromal cells are under the 
influence of factors secreted by the malignant tumour cell. In response to these 
factors, PD-L1 expression is induced on the stromal cell surface, resulting in an 
inhibition of T cell proliferation and effector function. This inhibition is dependent, 
at least in part, by the induced stromal cells PD-L1 expression as it can be partially 
reversed by the addition of a PD-1 blocking antibody. 
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CHAPTER FOUR 

Inflammatory tumour conditioned stromal cells 

promote tumour growth and invasiveness in vivo, an 

effect which is partially dependent on PD-L1/PD-1 

signalling 
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4.1 Introduction 

 

In Chapter 3 we observed an enhanced ability for inflammatory tumour 

conditioned stromal cells to inhibit T cell proliferation and effector molecule 

release. We next aimed to test this finding in vivo. The effect of stromal cell 

on the progression of colon cancer has been previously tested in vivo, but 

much of this work has relied on the use of immunocompromised mice, 

limiting our ability to fully assess the anti-tumour immune response (Huang 

et al., 2013, Lin et al., 2013). The work described in this chapter overcomes 

this limitation and allowed us to assess the anti-tumour immune response by 

using a fully immunocompetent and syngeneic murine model. 

In order to induce tumour growth in mice we optimised a subcutaneous 

injection of the immunogenic CT26 tumour cell line into the right flank of 

Balb/c. These cells are of Balb/c origin, and so are MHC-matched to the host 

animal, and have been described as being similar to “aggressive, 

undifferentiated, refractory ” human colorectal cancer (Castle et al., 2014). 

Furthermore, these cells have a kRAS mutation, which is similar to 35-45% 

of all colorectal cancer patients (Tan and Du, 2012). 

To test the functional consequences of induced stromal cell PD-L1 

expression on anti-tumour effector T cell responses in vivo, CT26 tumour 

cells were co-administered with or without inflammatory tumour 

conditioned stromal cells (MSCTNF-TCM). Untreated stromal cells were used as 

controls since the PD-L1 expression on these cells was not different to 

MSCTNF-α or MSCTCM. Additionally, the use of control stromal cells allowed us 

to fully control the factors to which stromal cells were expressed, and to 

determine a definitive role for the inflammatory tumour secretome in 

altering the effector function of these stromal cells. 

In order to confirm a role for stromal cell PD-L1 on any tumour-promoting 

effects observed upon co-administration of stromal cells with CT26 tumour 

cells, a second group of animals were treated with a PD-1 monoclonal 

antibody (mAb) at days 7 and 14 post tumour/stromal cell injection. Each 

mouse, whose average weight was 20g, was administered a 200μg 

intraperitoneal injection of anti-PD-1 mAb as this dose is reflective of the 

upper dose of 10mg/kg used clinically in patients, and is a does at which 

therapeutic efficacy has been observed in melanoma, non-small cell lung 

cancer and renal cell carcinoma (Jazirehi et al., 2016, Guo et al., 2017). 
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Chapter 4 specific aims: 

1. To investigate the ability of stromal cells to promote tumour growth 

2. To examine the effect of tumour conditioning on the ability of 

stromal cells to promote tumour growth 

3. To determine the cellular mechanism of tumour promotion by 

inflammatory tumour conditioned stromal cells 

 

4.2 Results 

4.2.1 Inflammatory tumour conditioned stromal cell decrease the cytolytic 

capacity of tumour infiltrating CD8+ t cells in vivo 

To investigate the tumour promoting effects of stromal cells we optimised a 

subcutaneous tumour model as described in Figure 4.1. Since our in vitro 

analysis showed that dramatically increased PD-L1 expression was unique to 

stromal cells exposed to the inflammatory tumour secretome, we assessed 

this group compared to control MSCs in vivo Untreated MSCs were used as 

controls since the PD-L1 expression on these cells was not different to 

MSCTNF-α or MSCTCM , thus allowing us to minimise the number of variables in 

our experiments (Figure 4.1A).  

Animal health was monitored daily, with body weights recorded every 5 

days. Injection of CT26 alone or in combination with control or inflammatory 

tumour conditioned stromal cells did not cause animals significant distress 

or weight loss over the 21-day period of the study (Figure 4.1C). 
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A vast body of evidence exits to suggest that tumour infiltrating lymphocytes 

contribute significantly to the prognosis, responsiveness to treatment and 

likelihood of disease relapse in cancer patients (Galon et al., 2006). For this 

reason, and in light of our earlier finding of significant suppression of T cell 

proliferation and effector function by inflammatory tumour conditioned 

Figure 4.1 Schematic of subcutaneous tumour model and its impact on animal 
health 
(A) Balb/c mice were injected subcutaneously into the flank with 2x105CT26 cells 
alone, or in combination with 0.5x105 control or inflammatory tumour conditioned 
stromal cells. Animals were monitored daily. Tumours and spleens were harvested 
at 21 when tumours size was measured and both tumours and spleens were 
analysed by flow cytometry for immune cell infiltrate (B) There was no significant 
weight loss in animals irrespective of tumour or stromal cell injection  
Error bars: +/- StDev, n=3-9 
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stromal cells, we measured the frequency of tumour infiltrating CD3+ T cells, 

as well as the frequency of CD4+ and CD8+ lymphocytes within this 

population. We observed no significant changes in the frequency of CD3+, 

CD3+CD4+, or CD3+CD8+ T cells between animals injected with CT26 tumour 

cells alone, or in combination with control or conditioned stromal cells 

(Figure 4.2 (i)-(iii)). There was also no change in the level of CD69, an early 

T cell activation marker (de la Fuente et al., 2014), expressed on tumour 

infiltrating CD8+ T cells. (Figure 4.2 (iv)). We observed a downward trend in 

the frequency of CD8+GranzymeB+ cells (Figure 4.2 (v)). This did not reach 

statistical significance, but considering the previous observation of 

increased levels of granzyme B expression in colon tumours correlating with 

favourable outcome for patients (Prizment et al., 2016), we measured the 

intensity of granzyme B expression on CD8+ T cells by median fluorescent 

intensity (MFI) and found a significant reduction in the level of granzyme B 

expressed on CD8+ T cells infiltrating tumours formed from the co-

administration of CT26 with inflammatory tumour conditioned stromal cells 

(MSCTNF-TCM) compared to CT26 alone (Figure 4.2 (iv)). This result was 

dependent on previous exposure of the stromal population to the 

inflammatory tumour secretome and so suggests a role for PD-L1 in this 

effect. Cytotoxic CD8+ T lymphocytes, defined by granzyme B expression, are 

of particular importance in the anti-tumour immune response, and so a 

reduction in granzyme B expression could result in an inhibition of their 

tumour cell clearing capacity (Giordano et al., 2015). 

Macrophages represent another important cell type in mediating a host anti-

tumour immune response (Ryan et al., 2015). In fact it has recently been 

demonstrated that tumour-associated macrophages (TAMs) express PD-1, 

and that the upregulation of PD-L1 on tumour cells can impede the ability of 

TAMs to phagocytose tumour cells (Gordon et al., 2017). In light of these 

studies we also assessed the frequency and phenotype of tumour infiltrating 

macrophages. We found no difference in the frequency of F4/80+ cells in 

mouse tumours (Lin et al., 2010a), regardless of the cell type administered 
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Figure 4.2 (vii). Furthermore, we did not observe any significant difference 

in the level of MHC-II, a putative marker of tumour-supressing macrophage 

phenotype (Wang et al., 2011), on tumour infiltrating F4/80+ cells (Figure 4.2 

(viii)).  
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4.2.2 Inflammatory tumour conditioned stromal cells significantly promote 

tumour growth and invasiveness in vivo 

In addition to altering tumour immune cell infiltrate, stromal cells have been 

shown to promote the growth and invasion of tumours (Shinagawa et al., 

2010, De Boeck et al., 2013). In our model, injection of CT26 alone induced 

subcutaneous tumour formation with no evidence of tumour cell invasion 

and metastasis. Interestingly, in 50% of animals receiving control stromal 

cells tumours were observed to have invaded tissue surrounding the primary 

tumour site and to have metastasised from the flank to the peritoneal cavity 

(Figure 4.3A). This effect was significant potentiated by the co-

administration of stromal cells previously exposed to the inflammatory 

tumour secretome (Figure 4.3A). In the clinical setting, an invasive or 

metastatic tumour is associated with a much less favourable outcome for 

patient survival (Luchini et al., 2016, Lin et al., 2015). This holds true in the 

setting of colorectal cancer, where the emergence of metastasis is 

particularly grave (Riihimaki et al., 2016). Our finding of an invasive tumour 

phenotype in animals co-administered inflammatory tumour conditioned 

stromal cells points to a potential role for PD-L1 expression in the promotion 

of this effect. 

In addition to promoting an invasive tumour phenotype, co-administration 

of inflammatory tumour conditioned stromal cells induced an increase in 

tumour burden, as measured by tumour weight (Figure 4.3B). There was an 

increase in tumour burden with control stromal cell administration, but this 

did not reach statistical significance (Figure 4.3B(i)). When tumour volumes 

were measured, a significant increase in tumour size was observed upon the 

Figure 4.2 Inflammatory tumour conditioned stromal cells inhibit tumour infiltrating 
CD8+ t cell cytolytic capacity in vivo 
Tumours were processed to single cell suspension and frequency and phenotype of 
infiltrating immune cell populations were assessed by flow cytometry. Populations 
measured were (i) CD3+ T cells (ii) CD3+CD4+ T cells (iii)-(vi) CD3+CD8+ T cells and (vii) 
and (viii) F4/80+ mononuclear cells Error bars: mean +/- SEM *p<0.05, **p<0.01 
***p<0.001 one-way ANOVA, Tukey’s Post Hoc Test n=3-8 
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co-injection of stromal cells, with inflammatory tumour conditioned stromal 

cells inducing greater increases in volume than their control counterparts 

(Figure 4.3B(ii)). These results highlight a clear role for inflammatory tumour 

signalling in altering the functional characteristics of the tumour stroma. 

 

 

 

 

 

 

 

 

To confirm the immunomodulatory role of inflammatory tumour 

conditioned stromal cell and test the effect of increasing stromal cell 

number, a second group of animals were co-administered CT26 with double 

the number of stromal cells used previously (0.5x105 vs 1x105). This was 

investigated using both control stromal cells and those exposed to the 

inflammatory tumour secretome. No differences were found in tumour 

invasiveness, tumour weighs or tumour volumes between animals that had 

received the lower or higher stromal cell number (Figure 4.4). Hence all 

further experiments and analysis were carried out using the lower MSC dose. 

Figure 4.3 Inflammatory tumour conditioned stromal promote tumour 
invasiveness and growth in vivo 
(A) Graph displaying the percentage of animals in which an invasive tumour 
phenotype was observed. An invasive tumour was defined as any tumour which had 
penetrated skin tissue or grown across the peritoneal membrane with tumour 
deposits found attached to the liver and colon 
****P<0.0001 Chi Squared test for trend n=8  
(B)(i) Graph of tumour burden, as measured by weight in grams after brief blotting 
on filter paper to remove excess fluid. (ii) Graph of tumour volume, as measured by 
the rational ellipse formula (M1^2xM2 x π/6)  
Error bars: mean +/- SEM *P<0.05, **P<0.01 one-way ANOVA, Tukey’s Post Hoc Test 
n=3 for naïve animals 8/9 for experimental groups 
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These data confirm that the presence of an immunosuppressive stromal 

niche in a tumour is sufficient to have significant effects upon the ability of 

immune cells to access and eliminate that tumour. We have shown that the 

presence of this stromal population cause biologically relevant and potent 

effects on tumour promotion even when present in low numbers.  

 

 

 

 

 

 

 

4.2.3 Treatment with anti-PD-1 therapy reversed stromal mediated 

inhibition of CD8+ T cell cytolytic capacity and was associated with 

decreased tumour volume and invasive potential 

To confirm a role for PD-L1 in the enhanced immunosuppressive and tumour 

promoting ability of co-administered stromal cells observed in vivo, three 

additional groups of animals were treated an anti-PD-1 monoclonal antibody 

Figure 4.4 Co-injection of 0.5x105 MSCs (20% of total cell number) was sufficient to 
induce observed tumour promotion  
(A) The percentage of animals in which invasive tumours were observed  
Chi Squared test for trend n=8  
(B)(i) Tumour burden, as measured by weight in grams and tumour volume (B)(ii), 
as measured by the rational ellipse formula (M1^2xM2 x π/6) were compared 
between animals administered 0.5x105 and 1x105  MSCs.  
Error bars: mean +/- SEM one-way ANOVA, Tukey’s Post Hoc Test n=3 for naïve 
animals 8/9 for experimental groups  
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at 7 and 14 days post tumour induction (Figure 4.5). Once again, there was 

no significant impact on animal health over the 21 day course of the study. 

 

 

 

 

 

 

 

 

Figure 4.5 Schematic of subcutaneous tumour model and its impact on animal 
health 
(A) Balb/c mice were injected as in Figure 4.1, with the addition of an anti-PD-1 
monoclonal antibody at days 7 and 14 post-tumour cell injection (B) There was 
no significant weight loss in animals irrespective of treatment with PD-1 
monotherapy  
Error bars: +/- StDev, n=3 for naïve animals 8/9 for experimental groups  
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In line with previous data demonstrating only mild responses to PD-1 

monotherapy in CT26 derived tumours, PD-1 antibody treatment had no 

significant effect on the immune cell infiltrate of tumours formed from CT26 

alone (Figure 4.6). Treatment with anti-PD-1 mAb did not alter the frequency 

of CD3+, CD3+CD4+ or CD3+CD8+ infiltrating tumours (Figure 4.6 (i) – (iii)), nor 

was there any change in the early activation marker CD69 on CD8+ T cells 

(Figure 4.6 (iv)). There was, however, a clear trend towards a restoration of 

the cytolytic capacity of intratumoural CD8+ T cells, as measured by the 

frequency of CD8+GranzymeB+ cells infiltrating tumours (Figure 4.6 (v)) and 

the level of granzyme B expressed on these cells, as measured by MFI (Figure 

4.6 (vi)) following treatment with PD-1 mAb therapy. The frequency of 

tumour infiltrating macrophages remained unchanged following treatment 

with PD-1 mAb therapy, as did the level of MHC-II expression on these cells 

(Figure 4.6 (vi)(vii)).  
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Figure 4.6 Treatment with PD-1 mAb restored CD8+ T cell cytolytic capacity but did 
not alter the frequency of immune cell populations infiltrating tumours 
Tumours were processed to single cell suspension and frequency and phenotype of 
infiltrating immune cell populations were assessed by flow cytometry. Populations 
measured were (i) CD3+ T cells (ii) CD3+CD4+ T cells (iii)-(vi) CD3+CD8+ T cells and 
(vii) and (viii) F4/80+ mononuclear cells Error bars: mean +/- SEM Multiple T tests 
of Untreated vs +PD-1 mAb groups n=3 for naïve animals 8/9 for experimental 
groups  
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Perhaps most importantly, treatment of animals bearing tumours formed 

from co-injection of CT26 with inflammatory tumour conditioned stromal 

cells with PD-1 monotherapy was sufficient to reverse the increased tumour 

invasiveness that had been observed upon co-administration of 

inflammatory tumour conditioned stromal cells (Figure 4.7A). This suggests 

that stromal cell PD-L1 expression may have a central role in enabling the 

tumour to inhibit CD8+ T cell mediated inhibition of metastatic tumour 

spread. A similarly significant restoration of tumour volume was observed 

upon treatment with PD-1 monotherapy (Figure 4.7B). In fact, tumour 

volume in animals administered inflammatory tumour conditioned stromal 

cells treated with PD-1 monoclonal antibody was no different to that of 

animals administered CT26 alone. This data points to a central role for 

stromal cell PD-L1 expression in obstructing the activity of anti-tumour CD8+ 

immune responder cells and thereby enabling tumours to grow by immune 

evasion.  

 

 

 

 

Figure 4.7 Treatment with PD-1 mAb resulted in a decrease in invasive 
phenotype and tumour volume 
(A) Graph displaying the percentage of animals in which an invasive tumour 
phenotype was observed.  
* p<0.01 ****P<0.0001 Fisher’s Exact Test  
(B) Graph of tumour volume, as measured by the rational ellipse formula 
(M1^2xM2 x π/6)  
Error bars: mean +/- SEM *P<0.05 multiple T tests n=3 for naïve animals 8/9 for 
experimental groups  
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4.2.4 Effects of stromal cell administration and PD-1 monoclonal antibody 

treatment upon CD8+ T cell phenotype were restricted to the tumour and 

not observed in splenic T cells 

In order to test for any systemic effect of tumour or stromal cell 

administration, spleens were harvested from animals at the time of tumour 

recovery and analysed for a similar panel of infiltrating immune cells. 

Administration of CT26 alone or in combination with control or 

inflammatory tumour conditioned stromal cells resulted in a decreased 

frequency of CD3+ T cells present in the spleen of mice compared to naïve 

animals (Figure 4.8 (i)). The proportion of these cells which were CD4+ and 

CD8+ remained unchanged, as did the granzyme B expression on CD8+ 

splenic T cells (Figure 4.8 (ii)-(iv)). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 The administration of tumour or stromal cell reduced the frequency of 
splenic CD3+ T cells 
Spleens were processed to single cell suspension and frequency and phenotype of 
infiltrating immune cell populations were assessed by flow cytometry. Populations 
measured were (i) CD3+ T cells (ii) CD3+CD4+ T cells (iii),(iv) CD3+CD8+ T cells Error 
bars: mean +/- SEM one way ANOVA, Tukey’s Post Hoc Test n=3-8 
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The administration of anti-PD-1 immunotherapy did not alter the frequency 

of any of the immune cell populations present in the spleen, indicating that 

any effects of PD-1 immunotherapy on restoring CD8+ T cell cytolytic 

capacity was specific to tumour infiltrating T cells (Figure 4.9). 

 

 

 

 

 

 

 

 

Figure 4.9 PD-1 immunotherapy did not affect the splenic immune cell frequency 
in treated animals 
Spleens were processed to single cell suspension and frequency and phenotype of 
infiltrating immune cell populations were assessed by flow cytometry. Populations 
measured were (i) CD3+ T cells (ii) CD3+CD4+ T cells (iii),(iv) CD3+CD8+ T cells Error 
bars: mean +/- SEM multiple T tests, Tukey’s Post Hoc Test n=3-8 
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4.3 Discussion 

In this chapter we show for the first time, a definitive role for the stromal 

compartment in the dampening of the CD8+ T cell mediated anti-tumour 

immune response and in promoting tumour growth and invasiveness. This 

finding is of particular importance when it is considered that the stroma is 

located adjacent to both the cancerous epithelial cells and the colonic 

vasculature and lymphatic network, and so represents a physical barrier to 

entry for immune cells in response to inflammation or epithelial 

transformation (Turley et al., 2015).  

Inflammatory tumour conditioned stromal cells reduce the cytolytic capacity 

of tumour infiltrating T cells and promotes tumour growth and invasiveness 

By using an immunocompetent, syngeneic murine model and immunogenic 

tumour cells, we could overcome the limitations in assessing immune cell 

infiltrate associated with the use of xenografts in immunocompromised 

mice. This model allowed us to identify a clear role for the tumour stromal 

compartment in dampening the anti-tumour immune response as was 

observed by a decrease in tumour infiltrating CD8+ T cell cytolytic capacity 

as defined by a reduction in granzyme B expression on these cells. With 

specific regard to colon cancer, higher intra-tumoural expression of 

granzyme B has been shown to correlate with improved survival in patients 

(Prizment et al., 2016). This effect on T cell effector molecule expression was 

only observed in animals administered inflammatory tumour conditioned 

stromal cells and not control stromal cells, suggesting a dependency on 

stromal cell PD-L1 expression for this effect (Figure 4.2 (vi)). Indeed, a central 

role for PD-L1 in this granzyme B inhibition was confirmed by the restoration 

of CD8+ T cell granzyme B expression following treatment with PD-1 

monoclonal antibody therapy (Figure 4.6 (vi)).  

In addition to the effect on CD8+ T cell cytolytic capacity, the co-injection of 

stromal cells was associated with a 50% increase in the number of animals 

in which an invasive tumour phenotype was observed (Figure 4.3A). There 
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was a further dramatic increase in tumour invasiveness with the 

administration of inflammatory tumour conditioned stromal cells, and a 

concomitant increase in tumour volume (Figure 4.3A, B) with tumour 

deposits recovered from the peritoneum and extrahepatic sites, a finding 

consistent with that in patients (Riihimaki et al., 2016). This is of particular 

importance in the setting of colorectal cancer, where the presence of tumour 

metastasis is associated with a particular poor outcome for patients. In fact, 

as many as 20% of colorectal cancer patients present with metastasis at 

diagnosis and metastatic disease was previously viewed as incurable 

(Riihimaki et al., 2016). A role for tumour-stromal interactions in dictating 

this metastatic spread has been suggested and studied, though the precise 

factors responsible remain largely unknown (Langley and Fidler, 2011). We 

now show a clear and important role for stromal cell PD-L1 expression the 

invasion of colorectal tumours to distant sites in a murine model of 

subcutaneous tumour development given that the highest number of 

animals in which invasive tumours were observed were in the group 

administered PD-L1 expressing inflammatory tumour conditioned stromal 

cells. Furthermore, at least part of this invasiveness could be reversed by 

administration of a PD-1 blocking antibody.  

The observation of an invasive phenotype in animals administered control, 

untreated stromal cells could be suggestive of in vivo induction of PD-L1 as 

the tumour forms in the animal over the duration of the study. Similarly, 

tumours formed by co-administration of these control stromal cells were 

indeed larger than those formed by CT26 administration alone, once again 

suggesting potential in situ stromal cell PD-L1 induction. Furthermore, 

though not statistically significant, there was a trending decrease in tumour 

volume and a small but significant decrease in invasiveness in these animals 

co-administered control stromal cells when treated with PD-1 

immunotherapy. However, the increases in invasiveness and tumour size 

were not as dramatic or as statistically significant when control stromal cells 

were administered when compared to their inflammatory tumour 
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conditioned counterparts. This may be indicative of the importance of timing 

of PD-L1 expression and induction of immunomodulation by the tumour 

stromal compartment. Our data may suggest that stromal cell expression at 

the early stages of tumour formation is critical to hampering anti-tumour 

immunity and allowing tumours grow unimpeded by the immune system, as 

would be the case for our animals administered high-PD-L1 expressing 

inflammatory tumour conditioned stromal cells. Any induction of PD-L1 that 

may occur later on in the process of tumour formation appears to also have 

a role to play in promoting tumour growth an invasiveness given the 

increases in these parameters that we observed, but that the earlier 

existence of an immunosuppressive stromal compartment, i.e. at the time of 

injection, may be the critical factor in determining the effectiveness of the 

anti-tumour immune response. This, however, will need further 

investigation. Immunohistochemical analysis of stromal cell PD-L1 

expression on embedded tumours may begin to address this point, but 

further experiments involving different timings of stromal cell administration 

with and without prior tumour exposure, along with experiments where 

exogenous stromal cell are not administered, and a slower growing tumour 

model used, before any conclusions can be drawn. 

Assessment of stromal PD-L1 expression may lead to better stratification of 

patients for immunotherapeutic regiments  

The use of checkpoint inhibitors as a therapeutic strategy for the treatment 

of various cancers has gained momentum, with PD-1 providing an attractive 

target. Antibodies specifically targeting PD-1 signalling are currently under 

clinical investigation for melanoma, renal cell carcinoma, non-small-cell lung 

cancer, head and neck squamous cell cancer and haematological 

malignancies (Philips and Atkins, 2015). The most recent indication for which 

PD-1 immunotherapy has been granted FDA approval is colorectal cancer 

(FDA, 2017). Indeed, evidence shows that a subset of these patients will 

respond positively to PD-1 therapy, but this is not without caveat – Dunne et 

al., have identified a second cohort of patients who will in fact be harmed by 



117 
 

PD-1 blockade (Dunne et al., 2016). Interestingly this group noted that it is 

not only epithelial tumour cell expression of PD-L1 that is important in 

dictating a positive response to this therapy. Our data demonstrate a central 

role for stromal PD-L1 expression in inhibiting anti-tumour immune 

responses and enabling tumours to grow and metastasis. In light of studies 

showing positive responses to PD-1 immunotherapy in patients whose 

tumours have been deemed PD-L1 negative, we provide a clear rationale for 

the assessment of stromal cell PD-L1 expression in order to better stratify 

patients for immunotherapy. 

Stromal cell PD-L1 mediated immunosuppression is likely not limited to CD8+ 

T cells 

Our data clearly points to a role for inhibition of CD8+ T cells and their 

effector molecule granzyme B in the observed effects of stromal cell 

mediated tumour promotion. However, it is highly unlikely that these cells 

are the only anti-tumour immune effector cells affected by stromal cell PD-

L1 expression. In fact PD-1 expression has been shown to also inhibit B cells 

natural killer cells and dendritic cells, the study of which were beyond the 

scope of these experiments, but certainly warrant further investigation in 

the future(Thibult et al., 2013, Benson et al., 2010). More recently it was 

demonstrated that tumour resident macrophages express PD-1 in tumours 

formed from administration of CT26 tumour cells, and that these 

macrophages are of a more “M2” pro-tumourigenic phenotype with 

decreased MHC-II and increased CD206 expression (Gordon et al., 2017). 

Although we did not observe a significant decrease in MHC-II expression on 

F4/80+ tumour infiltrating macrophages, we did see a trend towards lower 

MHC-II expression (Figure 4.8 (viii)). The reason for this discrepancy could 

be related to timing and tumour cell number. The authors show that early 

on it tumour formation tumour-associated macrophages (TAMs) don’t 

express PD-1. It begins to be expressed about two weeks after tumour 

engraftment, and increases over time. While the tumours in our study were 

assessed at day 21, a time point at which the authors of this study saw about 
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80% PD-1 TAM positivity, it could be that the kinetics of expression and 

tumour injection site were slightly different in our study and we may have 

noticed more significant changes in macrophage populations at a slightly 

later time point. In addition, in this study animals received in injection of 

1x106 tumour cells, whereas in our study mice were administered a lower 

cell number of 2x105. Thus effects on certain immune populations may have 

occurred more quickly with the increased cell number injected. For these 

reasons the effect of stromal cell PD-L1 expression on macrophage 

frequency, phenotype and phagocytic capacity is an avenue worth pursuing 

in further studies. 

 

Summary: Interpretation, Limitations and Further Studies 

In summary, the data presented in this chapter demonstrate a clear and 

important role for stromal cell PD-L1 in altering CD8+ T cell tumour infiltrate, 

and in promoting tumour invasiveness and growth in a syngeneic murine 

tumour model, given that these two parameters were significantly increased 

by co-administration of inflammatory tumour conditioned stromal cells and 

at least partly reversed by PD-1 monotherapy. The model we chose has 

particular relevance to therapy refractory, metastasis prone human 

colorectal cancer as the CT26 cell line used has been characterised as such 

and has be shown to bear a Kras mutation, also similar to the human 

condition (Castle et al., 2014) 

In addition to the aforementioned investigation of other immune cell 

populations likely affected by stromal cell PD-L1 expression including B cells 

and macrophages, the in vivo model used to study these effects could be 

altered to give more insights. Although a fully immunocompetent and MHC-

matched model, there are some limitations to the use of such a tumour 

injection strategy. Firstly, exogenous administration of a bolus of fast 

growing and invasive tumour cells does not accurately represent the many 

genetic and epigenetic changes that take place over several weeks, month 
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and years in the inflamed colon to give rise to clinical symptoms of colorectal 

cancer. The administration of a carcinogen such as azoxymethane or dextran 

sulfate sodium could overcome some of these limitations, as would the use 

of a genetic knockout mouse such as the Msh2 knockout or mice 

homozygous for the M1h1 gene which are predisposed to the development 

of tumour of the gastrointestinal tract (De Robertis et al., 2011, Karim and 

Huso, 2013). Secondly, mouse models of cancer, particularly those in which 

a homogenous fast growing cell line such as CT26 is administered does not 

fully recapitulate the numerous changes that have taken place in an 

environment as complex and heterogeneous as the human colon tumour 

microenvironment. In this instance an immunocompromised mouse model 

can be advantageous in that human clinical samples can be implanted and 

actual responses to therapy measured, however, immune responses will be 

lacking. Finally, orthotropic implantation can be useful in that the site of 

tumour development and anatomical location of metastatic spread more 

accurately represents the clinical disease (Tseng et al., 2007). 

Another aspect of this model that could be further refined is to isolate 

stromal cells from the intestine of mice and carry out the conditioning 

protocol on these cells to gain further insights into the colon-specific effects 

of tumour conditioning on stromal cells. A number of protocols have now 

been published detailing stromal cell isolation from murine and human 

colonic tissue (Khalil et al., 2013). Although a large proportion of these 

stromal fibroblasts are of mesenchymal origin and similar to those used 

throughout our studies, stromal fibroblasts of colonic origin may offer 

additional and novel insights into the effects of the colon-resident stromal 

population at the time of tumour formation. Furthermore, these cells could 

be advantageous in studying the effects of long term inflammation, the likes 

of which arises in Crohn’s disease or ulcerative colitis, on the 

immunomodulatory capacity of intestinal stromal cells, and their 

subsequent contribution to the tumour microenvironment. 
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Figure 4.10 Summary 
Co-administration of inflammatory tumour conditioned stromal cells resulted in an 
inhibition of intratumoural CD8+ T cell granzyme B expression and was associated 
with increased tumour size and invasiveness. These effects were partially reversed 
by treatment with a PD-1 monoclonal antibody 
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CHAPTER FIVE 

 

Investigating the molecular mechanisms responsible 

for tumour-induced stromal cell PD-L1 expression 

Part 1: The induction of stromal cell PD-L1 is partially 

dependent on tumour cell NF-κB signalling 

Part 2: PD-L1 induction on stromal cells is likely a two-

signal process involving stromal cell NF-κB and STAT 

signalling, and independent of TGF-β signalling 
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5.1 Introduction 

 

The data we have presented thus far demonstrates a clear role for the 

inflammatory tumour microenvironment in dictating the 

immunomodulatory potential of the tumour stromal compartment via 

robust induction of stromal cell PD-L1 expression. We have shown that this 

induced PD-L1 expression is responsible for an increased capacity for 

inflammatory tumour conditioned stromal cells to inhibit CD8+ T cell 

proliferation and effector molecule release in vitro, diminished granzyme B 

expression in vivo, and increased tumour growth and invasiveness in 

immunocompetent mice. 

Following on from these observations we next aimed to determine the 

molecular regulation of the induced PD-L1 expression when stromal cells are 

exposed to the inflammatory tumour secretome.  

In the setting of colorectal cancer, NF-κB is a transcription factor that has 

garnered a lot of attention for a number of reasons. Constitutive NF-κB has 

been shown to be present in 40% of colorectal cancer tissues and 67% of cell 

lines (Sakamoto et al., 2009). Furthermore, NF-κB has been identified as a 

critical link between the presence of inflammation and the development of 

cancer (Karin, 2009, Karin et al., 2002). This finding is likely to be of particular 

importance in the setting of colorectal cancer where it has been observed 

that patients with a history of inflammatory bowel disease are at a higher 

risk of developing this disease (Kim and Chang, 2014). Along with these 

direct links between NF-κB activation and colorectal cancer development it 

also notable that, in addition NF-κB itself, the various molecular signals 

identified as important in recruiting stromal cells to the tumour 

microenvironment are often regulated by or themselves activate NF-κB 

signalling (Wong et al., 2005, Uchibori et al., 2013). Finally, data from our 

own lab has shown that targeting tumour cell NF-κB prolongs survival in 

animals and induces an anti-tumour M1 phenotype in macrophages (Ryan 
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et al., 2015). The effects of tumour cell NF-κB signalling on the 

immunomodulatory capacity of tumour resident stromal cells remains to be 

elucidated. The experiments described in the first half of this chapter will 

explore the influence of tumour cell NF-κB signalling on the ability of the 

tumour to modulate the anti-inflammatory potential of stromal cells. 

Although the role of stromal cells in promoting tumour growth and 

metastasis is beginning to be explored, and significant data exists identifying 

mesenchymal stromal cells as precursors for cancer-associated fibroblasts 

(CAFs), little is known of the molecular changes that take place in the stromal 

cells in response to signals in the tumour microenvironment. To date TGF-β 

is the cytokine most strongly associated with both colorectal cancer and an 

alteration in stromal cell and CAF function (Calon et al., 2012, Calon et al., 

2014). While the research described in published studies identifies an 

important role for TGF- β in modulating the potential of CAFs to promote 

tumour cell proliferation, survival, invasion and epithelial to mesenchymal 

transition, data is lacking on the role of TGF-β on altering the 

immunomodulatory capacity of CAFs or stromal cells. Furthermore, it has 

been shown that TGF-β and TNF-α counter-regulate PD-L1 expression on 

monocytes (Ou et al., 2012). The work described in the second half of this 

chapter assess the effect of TGF- β on stromal cell PD-L1 expression. 

Finally, signal transducer and activator of transcription (STAT) proteins are 

now known to be potent regulators of the anti-tumour immune response, in 

particular STAT1 and STAT3 (Yu et al., 2009, Shou et al., 2016). Furthermore, 

these STAT proteins have been implicated in regulating the 

immunomodulatory potential of mesenchymal stromal cells, and have been 

also been identified as central regulators of PD-L1 expression (Shou et al., 

2016, Noh et al., 2015, Vigo et al., 2017). However, it remains to be 

elucidated if inflammatory tumour conditioning of stromal cells induces 

STAT protein signalling, and if so, whether or not this signalling has any 

bearing on stromal cell PD-L1 expression. The experiments presented in the 
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second half of this chapter were designed to identify STAT protein induction 

in stromal cells following inflammatory tumour activation. 

Specific Aims 

1. To investigate the effect of tumour cell NF-κB signalling on stromal 

cell PD-L1 induction 

2. To determine the molecular mechanisms of PD-L1 induction in 

stromal cells 

 

5.2 PART 1 

The experiments presented in the first part of this chapter were designed 

to explore the role of tumour cell NF-κB signalling on the induction of 

stromal cell PD-L1 expression and enhanced immunosuppressive capacity 

 

5.2.1 Stromal cell PD-L1 induction is partially dependent on tumour cell NF-

κB signalling 

As mentioned, NF-κB signalling is of particular importance in the setting of 

colorectal cancer, and has been described as important in altering 

macrophage anti-tumour immune responses (Ryan et al., 2015). However, 

the effect, if any, of tumour cell NF-κB signalling upon the tumour stromal 

compartment is not well understood. To this end we repeated our earlier 

stromal cell conditioning experiments using medium generated from CT26 

stably transfected with an IκB-α super-repressor plasmid (CT26/IκB-αSR). An 

empty vector was transfected as a control (CT26/EV) (Figure 5.1). Following 

the same treatment protocol outlined in Chapter 3, stromal cells were 

conditioned by the secretome from both CD26/EV and CT26/IκB-αSR cells, 

with and without TNF-α pre-treatment of these cells. (Figure 5.1C). 
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Figure 5.1 Experimental design to test the effects of tumour cell NF-κB 
signalling on stromal cell PD-L1 expression and immunomodulatory potential 
(A) Schematic of experimental design whereby tumour cell NF-κB was targeted 
using the (B) IκB-α Super Repressor plasmid. (C) CT26/EV or CT26/IκB-αSR cells 
were seeded as in previous experiments, pre-treated with TNF-α, and the 
secretome collected and used to treat stromal cells. 
 



126 
 

Flow cytometric analysis of stromal cells at 24, 42 and 72 hours revealed no 

change in PD-L1 expression for stromal cells treated with the control 

medium from either CT26/EV or CT26/IκB-αSR cells as was expected and in 

line with our previous findings in Chapter 3. However, following 

inflammatory tumour cell activation by TNF-α, only the secretome from 

control tumour cells in which NF-κB signalling was still active was capable of 

inducing a robust increase in stromal cell PD-L1 expression (Figure 5.2). 

There was a trend towards an increase with the secretome from CT26/IκB-

αSR cells, but this never reached statistical significance, and was significantly 

lower than the level of PD-L1 induced by the CT26/EV secretome for all time 

points analysed (Figure 5.2 (ii)). These results suggest a clear dependence 

on tumour cell NF-κB activation and signalling for the enhanced stromal cell 

expression we have observed thus far. 
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5.2.2 The enhanced CD4+, but not CD8+ T cell suppression by inflammatory 

tumour conditioned stromal cells can be ameliorated by targeting tumour 

cell NF-κB 

Following on from the observation that stromal cell PD-L1 induction is 

significantly diminished when tumour cell NF-κB signalling is blocked; we 

next aimed to test the effects of tumour cell NF-κB inhibition on the capacity 

of the tumour secretome to enhance the T cell immunosuppressive capacity 

of stromal cells. Using a similar protocol to that outlined in Chapter 3, we co-

cultured stromal cells pre-conditioned with the medium from control and 

TNF-α pre-treated CT26/EV and CT26IκB-αSR tumour cells with CFSE stained 

murine lymphocytes. In terms of CD4+ T cell suppression, targeting tumour 

cell NF-κB resulted in a trend towards a reduction in the ability of stromal 

cells to suppress CD4+ T cell proliferation (Figure 5.3B (i) black bar vs 

checked bar). In fact, although also not significantly different, this trending 

decrease is CD4+ T cell suppression by stromal cells when tumour cell NF-κB 

was inhibited was greater than that which resulted from PD-1 blockade 

(Figure 5.3B (i) blue bar vs checked bar). However, the same did not told 

true for CD8+ T cell suppression, where stromal cells exposed to the 

secretome from TNF-α pre-treated NF-κB proficient or deficient cell lines 

induced a similar level of CD8+ T cell suppression (Figure 5.3B (ii) black bar 

vs checked bar), and only treatment with our PD-1 blocking antibody was 

effective in reversing this CD8+ T cell suppression (Figure 5.3B (ii) blue bar). 

Since CT26/IκB-αSR conditioned stromal cells were equally proficient in 

suppressing CD8+ T cell proliferation as their CT26/EV counterparts despite 

a significantly lower level of PD-L1 surface expression, we hypothesised that 

Figure 5.2 Stromal cell PD-L1 induction is dependent on tumour cell NF-κB 
signalling (i) Representative histograms and (ii) bar charts showing PD-L1 
induction on the stromal cell surface following 24, 48 and 72 hour exposure to 
the inflammatory tumour secretome. Error bars: mean +/- SEM 
*p<0.05***p<0.001****p<0.0001 one-way ANOVA, Tukey’s Post Hoc Test n=3 
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this observation pointed to a compensatory mechanism of stromal cell 

modulation by tumour cells in which NF-κB signalling has been inhibited. A 

more compressive analysis of the surface of CT26/IκB-αSR conditioned 

stromal cells and their immunomodulatory ligand expression will be 

necessary to yield more insights into the potential mechanisms responsible. 

There may well be induction of cell surface proteins not measured here, as 

well as secreted factors which may synergise with cell surface proteins to 

inhibit T cell proliferation. Finally, although much smaller, there is a slight 

induction of PD-L1 expression on stromal cells following conditioning with 

medium from CT26/IκB-α/SR. There is a chance that this level is all that is 

needed for physiological activity, and that any increases over this are 

surplus. In order to test some of these hypotheses, the PD-1 blocking 

antibody could be introduced to the CT26/IκB-α/SR conditioned stromal 

cell/T cell co-culture. Furthermore, only the canonical NF-κB pathway is 

inhibited by the IκB-α/SR. TNF-α can also exert its effects via the non-

canonical signalling pathway and so this will need to be blocked too in order 

to fully validate the effect of NF-κB on out observed effects. Finally, the 

pathways other than NF-κB which are activated by TNF-α, including JNK, 

MAPK etc., will also need to be investigated (Moo-Young et al., 2009). 
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Figure 5.3 The enhanced CD4+, but not CD8+ T cell suppression by inflammatory 
tumour conditioned stromal cells can be ameliorated by targeting tumour cell 
NF-κB (i) Representative histograms and bar charts showing the extent of (i) 
CD4+ and (ii) CD8+ T cell suppression following 72 hour co-culture with stromal 
cells conditioned by the secretome from NF-κB proficient (sold bars) or deficient 
(chequered bars) tumour cells. 
Error bars: mean +/- SEM one-way AVOVA, Tukey’s Post Hoc Test 
*p<0.05**p<0.01***p<0.001 multiple t tests, n=3 
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5.3 PART 2 

The work described in second part of this chapter was carried out in order 

to investigate the molecular signalling pathways activated in tumour 

conditioned stromal cells and identify those responsible for the induction 

of PD-L1 expression 

 

5.3.1 Stromal cell PD-L1 induction is likely a two signal process partly 

dependent on TNF-α but independent of TGF-β signalling 

As outlined in the introduction, TGF-β signalling has an important role to play 

in the colon tumour microenvironment and in regulating the 

immunomodulatory potential of CAFs in this niche (Calon et al., 2012, Calon 

et al., 2014) . Importantly, TGF-β has been shown to be an key driver of 

stromal cells in their pro-metastatic activities in colon cancer, a finding which 

we believed may have particular relevance to our observations of increased 

invasiveness in tumours formed from the co-administration of inflammatory 

tumour conditioned stromal cells (Chapter 4, Figure 4.3A) (Calon et al., 

2012). Furthermore, it was found that PD-L1 expression on monocytes was 

regulated by the opposing actions of TNF-α and TGF-β (Ou et al., 2012). With 

these observations in mind, we next aimed to determine the effect of TGF-

β signalling on stromal cell PD-L1 induction. 

We began our investigations by measuring the levels of TNF-α and TGF-β 

secreted by CT26 tumour cells and present in the medium from control 

(TCM) and TNF-α treated CT26 (TNF-TCM) used to condition stromal cells. 

We observed TNF-α production from CT26 tumour cells, and a slight but not 

significant increase in this level following TNF-α treatment of the tumour 

cells (Figure 5.4A (i)). Interestingly we found almost 10 times more TGF-β 

than TNF-α present in TCM, and this was decreased following TNF-α 

treatment of the CT26 tumour cells (Figure 5.4A (ii)). Although the increase 

in TNF-α and decrease in TGF-β did not reach statistical significance, the 
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trends were opposite to each other and in line with the observations by Ou 

et al, who observed an increased expression of PD-L1 on macrophages when 

TFG-β was inhibited and TNF-α was present (Ou et al., 2012). 

 

 

 

 

 

 

 

 

 

 

 

In all experiments to this point we had included TNF-α treated stromal cells 

whereby stromal cells were treated for 24 and 72 hours with the highest 

concentration of TNF-α used to condition stromal CT26 (100ng/ml) and 

observed no increase in PD-L1 expression at any time (Chapter 3 Figure 

1.7C(i)) and (Figure 5.5A second, light grey bar). Similarly, we did not 

observe any significant increase in PD-L1 expression upon treatment of 

stromal cells with the secretome from control CT26 (Figure 5.5A third, dark 

grey bar). However, when these two treatments were combined – control 

TCM and TNF-α, we observed a significant induction of stromal cell PD-L1 

expression as early as 24 hours (Figure 5.5A green bar) and to a level similar 

to that observed upon stromal cell exposure to the inflammatory tumour 

secretome (Figure 5.5A black bar). This suggested to us that there was a two 

signal process of stromal cell PD-L1 induction, one of which is TNF-α or TNF-

α-like in the signalling cascades activated. We hypothesised that one of two 

things is true about the second signal – (1) The second, as yet unknown signal 

Figure 5.4 TNF-α and TGF-β are present in the secretome of control and TNF-α 
treated CT26 tumour cells, as measured by ELISA following 72 hour treatment 
with TNF-αError bars: mean +/- SEM t test n=3 
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is likely present in TCM but not capable of PD-L1 induction in the absence of 

the second signal only present in TNF-TCM or (2) There exists an inhibitory 

signal for stromal cell PD-L1 induction in the TCM that is not present in TNF-

TCM. Since TGF-β is decreased in TNF-TCM when compared to TCM, we next 

aimed to block TGF-β signalling in the secretome from control CT26 i.e. TCM. 

We began by ruling out a positive role for TGF-β in promoting stromal cell 

PD-L1 expression (Figure 5.5B). We then added a TGF-β neutralising 

antibody to the TCM to test whether blocking our hypothesised “negative 

regulator” would be sufficient to allow for the induction of PD-L1 on the 

stromal cell surface. We found no increase in the level of stromal cell PD-L1 

with TGF-β in TCM (Figure 5.5C). Next, we aimed to test if the inhibition of 

TGF-β in TCM would lead to an additive increase in the observed induction 

of stromal cell PD-L1 with the addition of TNF-α to this medium. As before 

we did not observe any effect on stromal cell PD-L1 expression with TGF-β 

neutralisation (Figure 5.5D). To test if TGF-β did indeed exert an inhibitory 

effect on stromal cell PD-L1 induction we added TGF-β to the TNF-TCM and 

used this to condition stromal cells. Once again, we did not observe any 

inhibition of stromal cell PD-L1 induction by TNF-TCM (Figure 5.5E). Finally, 

since TNF-α addition to control TCM was sufficient to induce stromal cell PD-

L1 induction, we investigated whether inhibition of NF-κB signalling in 

stromal cells would be sufficient to prevent the induction of PD-L1 

expression as had been the case for tumour cell NF-κB inhibition. In this case, 

pharmacological inhibition of NF-κB by BM-S345541, a selective IκB kinase 

inhibitor, resulted on only a slight, but not statistically significantly inhibition 

of PD-L1 induction by the inflammatory tumour secretome (Figure 5.5F) 

(Burke et al., 2003). Taken together these data suggest an important role for 

TNF-α independent of NF-κB signalling, but not TGF-β in inducing stromal 

cell PD-L1 expression. However, we have not validated, in our own hands, 

the efficacy of BMS345541, in inhibiting NF-κB signalling in our stromal cells, 

and this will need to be done before we draw any definite conclusions. 
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5.3.2 STAT1 and STAT3 proteins are phosphorylated by inflammatory 

tumour conditioning of stromal cells 

Around the time at which we were investigating the molecular regulation of 

stromal cell PD-L1 induction a paper was published showing that IFN-γ 

controlled the suppressive ability of murine MSCs  via early phosphorylation 

of STAT1 and STAT3 (Vigo et al., 2017). Furthermore, this group noticed a 

decrease in PD-L1 (CD274) mRNA in their MSCs following STAT1 knockdown. 

As mentioned in this introduction to this chapter, STAT proteins are known 

regulators of the anti-tumour immune response (Yu et al., 2009, Shou et al., 

2016). In response to these findings, we measured the amount of IFN-γ 

secreted by CT26 tumour cells without and without TNF-α treatment. 

Interestingly we found the level of IFN-γ production to be almost negligible 

at less than 3pg/ml in our cultures, with no statistical difference between 

that produced by control or TNF-α treated CT26 (Figure 5.6A). Since IFN-γ is 

not the only cytokine known to activate STAT signalling, we next measured 

early STAT1 and STAT3 phosphorylation in our tumour conditioned stromal 

cells, and found induction of both STAT1 and STAT3 as early as 30 minutes 

(Figure 5.6B). Perhaps most interestingly, the pattern of STAT1 induction 

correlated with stromal cell PD-L1 induction, whereby there was a very slight 

Figure 5.5 Neither TGF-β treatment nor neutralisation had any effect on 
stromal cell PD-L1 expression (A) Stromal cell PD-L1 expression following the 
addition of TNF-α to control TCM (B) The effect of TGF-β on basal stromal cell 
PD-L1 expression (C) PD-L1 expression on the stromal cell surface following TGF-
β neutralisation in control TCM (low dose: 0.25 µg/ml, high dose 1.25 µg/ml) (D) 
Stromal cell PD-L1 expression following both TNF-α addition to and TGF-β 
neutralisation in control TCM (E) Stromal cell PD-L1 expression following 
addition of 5ng/ml TGF-β to TNF-TCM (F) Stromal cell PD-L1 expression following 
pharmacological inhibition (2 hour incubation with 5µM BMS345541 prior to 
adding conditioned medium) of NF-κB prior to exposure to the inflammatory 
tumour secretome (TNF-TCM).  
Error bars: +/- SEM *p<0.05 one-way ANOVA, Tukey’s Post Hoc test n=3  
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induction with control TCM but a dramatic induction upon stromal cell 

exposure to the inflammatory tumour secretome (Figure 5.6B).  

 

 

 

 

 

This finding concurs with that of Vigo et al, and certainly warrants further 

investigation via pharmacological inhibition or genetic knockdown of STAT1 

and 3 signalling proteins and subsequent investigation of MSC 

immunomodulatory potential. Additional support for the importance of 

STAT1 and STAT3 in colon cancer can be seen in images presented in the 

Human Protein Atlas, where significant STAT1 and STAT3 staining is 

observed on the stromal compartment in samples from patients diagnosed 

with colorectal adenocarcinoma (Figure 5.7) (Uhlen et al., 2015) 

 

Figure 5.6 STAT1 and STAT3 phosphorylation occurs in stromal cells following 
exposure to the inflammatory tumour secretome, likely independent of 
tumour cell IFN-γ production (A) Measurement of IFN-γ concentration 
produced by CT26 tumour cells with and without TNF-α treatment (B) 
Representative western blots of (i) STAT1 and (ii) STAT3 phosphorylation in 
stromal cells following 30 minute exposure to the inflammatory tumour 
secretome  
Error bars: +/- SEM t test n=3  
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Figure 5.7 STAT1 and STAT3 expression in colon cancer samples 
Brown staining indicates (A) STAT1 or (B) STAT3 staining in colon adenocarcinoma 
samples. Each panel represents a separate patient (Uhlen et al., 2015) 
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The preliminary findings presented here suggest that stromal cell STAT 

signalling, and STAT1 in particular may represent an important target in the 

quest to modulate the anti-tumour immune response. Initial early 

experiments carried out to address this question relied on the use of 

pharmacological inhibitors to target STAT1 (Fuldarabine) and STAT3 (p3971) 

at varying doses 24 hours prior to treatment with tumour conditioned 

medium, also containing the inhibitor, as per previous experiments in our 

lab (unpublished). However, we did not observe a decrease in PD-L1 

expression following treatment with either drug (Figure 5.8 A,B), or the two 

in combination (Figure 5.8C). 
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This result was somewhat surprising to us given the data that exists to show 

that these signalling proteins, and STAT1 in particular, are important in PD-

Figure 5.8 Blockade of STAT1 with fludarabine or STAT 3 with p3971, alone or 
in combination, had no effect on stromal cell PD-L1 induction by inflammatory 
tumour conditioned medium (A) Measurement of stromal cell PD-L1 expression 
following STAT1 inhibition by fludarabine  (B) Measurement of stromal cell PD-
L1 expression following STAT3 inhibition by p3971 (C) Measurement of stromal 
cell PD-L1 expression following a combination of STAT1 and STAT3 inhibition 
Error bars: +/- SEM t test n=3  
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L1 induction. For this reason, we decided to confirm the inhibition of STAT1 

and STAT3 phosphorylation in our cells before proceeding to try different 

dosing and timing strategies for these drugs. In order to do this, we treated 

stromal repeated the treatment protocol as before, with 24hour STAT 

inhibition followed by treatment with inflammatory tumour conditioned 

medium. Interestingly, and indeed unexpectedly, we observed an induction 

of STAT1 phosphorylation after fludarabine treatment followed by 

conditioned medium (Figure 5.9A), and a similar induction of STAT3 

phosphorylation when cells were treated with conditioned medium after 

p3971 treatment (Figure 5.9B). While outside the scope and time 

constraints of this thesis, this finding certainly warrants further 

investigation. Perhaps, this question may be best addressed by more specific 

targeting of STAT1 or 3 by shRNA or RNAi, rather than using less specific 

pharmacological inhibitors. Fludarabine has been shown to lead to inhibition 

of STAT1 activation and a loss of STAT1 protein and mRNA in human blood 

lymphocytes (Frank et al., 1999). We did observe an apparent inhibition of 

total STAT1 with the highest concentration of fludarabine (20μM) (Figure 

5.9A). However, there was still significant STAT1 phosphorylation in our cells 

after this treatment. It is possible that this is a species specific effect since 

the data showing STAT1 protein and mRNA loss were taken from human 

blood samples (Frank et al., 1999). Fludarabine has been used 

therapeutically in mice in several studies, in particular in the setting of 

leukemia, and appears to have the same clinical effect that is observed in 

human patients. However, the effects of this drug on STAT1 phosphorylation 

specifically are not examined in these studies (Johnson et al., 2006, Weiss et 

al., 2003). P3971 is cited as capable of HIF-1α and STAT3 inhibition and so is 

not specific to STAT3 (Godse et al., 2013). Furthermore, experiments carried 

out by this group to test STAT3 inhibition were carried out in HeLa cells using 

a luciferase reporter gene assay, and so once again may not represent the 

STAT3 expected in murine stromal cells. Also, it will be worthwhile 

measuring total STAT3 in these cells. While we believe it is the 

phosphorylated protein that is indicative of activation and potentially 
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responsible for PD-L1 induction, this may be interesting in terms of better 

elucidating the STAT3 inhibitory potential of p3971.In addition to specifies 

specificity, the timing and concentration of these drugs may not be optimal 

and perhaps could be further assessed. However, STAT1 and 3 targeting by 

shRNA currently represents an avenue of interest in our lab and these 

experiments will be carried out in the coming months. 

 

 

 

 

Finally, while IFN-γ appears to be absent in the secretome from control or 

TNF-α activated CT26 tumour cells, further analysis of this medium revealed 

the presence of a number of proteins, many of which have been 

differentially regulated by TNF-α activation of CT26 tumour cells (Figure 

5.10A). All of these proteins have been linked to STAT1 activation, often in T 

cells and other immune cells, but their role in modulating PD-L1 expression 

and stromal cells immunosuppressive capacity remains to be elucidated 

(Miyamoto et al., 2012, Ylikoski et al., 2005, van der Bruggen et al., 1995, 

Wang et al., 2004, Wong and Fish, 1998, Vegran et al., 2014).In addition, a 

number of other proteins, although not significantly different between the 

control and TNF-α pre-treated CT26 tumour secretome, were also produced, 

Figure 5.9 2 hour pre-treatment with fludarabine and p3971 prior to treatment 
with inflammatory tumour conditioned medium result in induction of phosho-
STAT1 and phosphor-STAT3 respectively 
(A) Western blot of phospho-STAT1 following pre-treatment with fludarabine (B) 
Western blot of phospho-STAT3 following pre-treatment with p3971   
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and again, this group of proteins include activators of STAT1 

phosphorylation such as G-CSF and IL-6 (Figure 5.10B) (Duarte and Frank, 

2000, Zhang et al., 2003). 
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Figure 5.10 Bioplex analysis of the secretome from control (TCM) and TNF-α 
treated (TNF-TCM) CT26 tumour cells (A) Proteins differentially regulated by 
TNF-α pre-treatment of CT26 (B) Proteins for which no difference was observed 
with or without TNF-α pre-treatment of CT26  
Error bars: +/- SEM t test n=3  
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5.4 Discussion 

Prior to carrying out the experiments described in this chapter we had 

shown that inflammatory tumour conditioning of stromal cells induced 

robust PD-L1 expression on the stromal cell surface, and that expression of 

this protein endowed stromal cells with and enhanced T cell suppressive 

capability in vitro, and correlated with increased tumour volume and 

invasiveness in vivo. However, the mechanism by which tumour cells exerted 

this effect on stromal cells was not clear and thus we designed the 

experiments presented here in order to gain a better insight into the 

molecular regulation of this process. We addressed this question from two 

separate standpoints – (1) signalling pathways activated in tumour cells that 

may be responsible for the release of critical factors into the secretome 

responsible for stromal cell PD-L1 induction and (2) Signalling pathways 

activated in stromal cells prior to PD-L1 induction. 

 

5.4.1 Part 1 

Stromal cell PD-L1 expression is dependent on tumour cell NF-κB signalling 

As mentioned at the outset, NF-κB is a transcription factor of critical 

importance in the development of a number of cancers, not least colorectal, 

and is upregulated in inflammatory bowel disorders, the presence of which 

may predispose patients to the development of colon cancer (Lawrence, 

2009, Kim and Chang, 2014, Karin, 2009). Furthermore, data from our own 

lab has shown that targeting tumour cell NF-κB leads to decreased tumour 

volume in vivo, owing in part to the switch from an M2 “pro-tumourigenic” 

macrophage phenotype to that of an M1 “anti-tumour” macrophage 

phenotype (Ryan et al., 2015). In this model, macrophage depletion from NF-

κB proficient tumours resulted in a significant reduction in tumour growth. 

However, selective depletion of macrophages from NF-κB deficient tumours 

did not cause growth to the same extent as untreated NF-κB proficient 
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tumours, highlighting the existence of at least one other cell type influenced 

by tumour cell NF-κB signalling and responsible for aiding tumour growth 

under the influence of such signals (Ryan et al., 2015). It was here that we 

hypothesised that tumour cell NF-κB also affect the immunomodulatory 

capacity of tumour resident stromal cells. Our findings show that inhibition 

of tumour cell NF-κB signalling did indeed prevent the secretome-induced 

stromal cell PD-L1 induction we had observed previously (Figure 5.2). This 

result concurs somewhat with published data showing a dependency on NF-

κB activation for PD-L1 expression, however, these studies only investigate 

the effect of tumour cell NF-κB signalling on tumour cell PD-L1 expression  

(Gowrishankar et al., 2015, Lim et al., 2016). Our data shows for the first time 

that activation of this signalling pathway also has an important role to play 

in inducing stromal cell PD-L1 expression. This novel finding may support the 

notion of pharmacological targeting of tumour cell NF-κB leading to a 

number of “complementary actions that inhibit the metastatic spread of 

colorectal cancer” (Ryan et al., 2015). However, this is not clear from our 

preliminary in vitro data, which could in fact suggest that targeting tumour 

cell NF-κB may be futile in so far as augmenting stromal cell CD8+ T cell 

suppressive capacity is concerned. Although we found a trend towards a 

diminished ability of inflammatory tumour conditioned stromal cells to 

inhibit CD4+ T cell suppression when exposed to the secretome from NF-κB 

deficient tumour cells, the same did not hold true for CD8+ T cell 

suppression, where both control (CT26/EV) and NF-κB deficient (CT26/IκB-

αSR) conditioned stromal cells were equally suppressive (Figure 5.3). This 

may suggest an alternative, compensatory mechanism of stromal cell 

modulation employed by tumour cells in which NF-κB has been inhibited. In 

fact, this is highly likely, given the fact that our CT26 tumour cells do not rely 

on NF-κB for survival, as is the case for several other cell lines. Furthermore, 

our NF-κB deficient CT26 grow and proliferate well, at a rate comparable to 

their control counterparts, further confirming the existence of 

compensatory mechanisms in these cells. As yet, this mechanism remains 

unknown and will require more in-depth analysis of stromal cells exposed to 
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the NF-κB deficient tumour cell secretome. Alternatively, this sustained 

immunosuppressive capacity of stromal cells even when exposed to the 

secretome from NF-κB deficient tumour cells could be due to a very low 

threshold of PD-L1 expression being required for CD8+ T cell suppression. In 

Figure 5.2 (ii) we observed a slight induction of PD-L1 on the stromal cell 

surface following conditioning with TNF-α pre-treated NF-κB deficient CT26. 

Although significantly less than the level induced with NF-κB proficient CT26, 

it could possibly be that this small induction is sufficient to reach the 

threshold of that necessary to suppress CD8+ T cell proliferation. In order to 

confirm this, co-cultures can be repeated with the addition of out PD-1 

blocking antibody to all samples, including those conditioned with the 

secretome from NF-κB deficient cells. Additionally, cytokine levels can be 

measured to determine if it is only proliferation that is affected, or effector 

molecule release too. 

 

Limitations and future studies (Part 1) 

In this chapter we were able to show quite convincingly, a dependency on 

tumour cell NF-κB signalling for stromal cell PD-L1 induction. However, the 

inhibition in stromal cell PD-L1 induction following tumour cell NF-κB 

inhibition was not sufficient to inhibit the CD8+ T cell suppressive capacity of 

inflammatory tumour conditioned stromal cells. MSCs in solid tumours have 

been shown to regulate the immune response via CD73 expression, IDO 

(human) or NO (rodent) release, or secretion of proteins including TGF-β, IL-

10 and PGE2 (Poggi et al., 2014). Each of these factors, in addition to 

countless others not mentioned here could represent potential mediators of 

CD8+ T cell suppression by CT26/IκB-αSR conditioned stromal cells and will 

only be identified by a wider analysis of the NF-κB dependent differential 

regulation of protein release from CT26/EV and CT26/IκB-αSR tumour cells 

following treatment with TNF-α. Secondly, it may be necessary to test the in 

vivo tumour promoting effect of CT26/IκB-αSR conditioned stromal cells to 
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confirm a similarly immunomodulatory, tumour and invasiveness promoting 

phenotype as that observed for stromal cells conditioned by the NF-κB 

inflammatory tumour secretome. In addition to effects on CD8+ T cells, which 

were perhaps predictable for stromal cells found to express high levels of 

PD-L1, should NF-κB deficient tumour conditioning of stromal cells induce 

one or more of the factors mentioned above, or indeed others, it is likely 

that these cells will also exert differential effects on distinct immune cell 

populations to their NF-κB proficient tumour conditioned counterparts. 

Finally, the emergence of this similar, but as yet poorly understood 

immunosuppressive stromal cell phenotype upon exposure to the 

secretome from NF-κB deficient tumour cells may mean that, while targeting 

tumour cell NF-κB for the purpose of modulating macrophage anti-tumour 

immune responses may be effective, may be impractical and even 

deleterious from the point of view of altering the immunomodulatory 

capacity of the tumour stromal compartment. We propose that a 

comprehensive analysis of the signalling pathways activated in stromal cells 

in response to inflammatory tumour conditioning and identification of those 

responsible for the induction of PD-L1 expression and enhanced 

immunosuppressive capacity may reveal one or more viable targets for 

therapeutic intervention. The second part of this chapter describes the 

preliminary experimental work we have carried out with the aim of 

identification of these factors.   
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5.4.2 Part 2 

Tumour produced TNF-α, but not TGF-β may have an important role in 

stromal cell PD-L1 induction 

Our data showed that, although TNF-α alone is insufficient to induce stromal 

cell PD-L1 by itself, when added into the medium from control CT26 (TCM) 

it was sufficient to induce robust PD-L1 expression on stromal cells. The level 

of PD-L1 expression following addition of TNF-α to control TCM was in fact 

comparable to that induced by the medium from TNF-α pre-treated CT26 

(TNF-TCM). This finding is in line with that recently published showing 

increased macrophage PD-L1 expression in response to tumour conditioned 

medium (Hartley et al., 2017). Unlike our observations, in this study the 

Figure 5.11 Summary (Part 1) Targeting tumour cells NF-κB prevents stromal cell 
PD-L1 induction by the inflammatory tumour secretome and partly reduces the 
ability of inflammatory tumour conditioned stromal cells to inhibit CD8+ T cell 
proliferation 
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authors found that TNF-α alone was sufficient to induce macrophage PD-L1 

expression. However, in a separate experiment whereby a TNF-α 

neutralising antibody was added to the tumour conditioned medium used 

to treat macrophages they found a reduction in the level of PD-L1 expressed, 

but the expression was not completely abrogated and remained much 

higher than control macrophages, indicating the presence of at least one 

more signal in the tumour conditioned medium responsible for macrophage 

PD-L1 induction (Hartley et al., 2017). Although the authors here did not 

investigate further any additional tumour secreted signals that could be 

responsible for macrophage PD-L1 induction, they identified macrophage 

produced TNF-α as the source of TNF-α responsible for PD-L1 induction on 

macrophages resident in tumour samples in vivo. They found this TNF-α to 

act in self-promoting feed-forward loop on macrophages. This is an 

interesting observation and one which suggests that a comprehensive 

analysis of the secretome of tumour conditioned stromal cell secretome is 

warranted and may reveal further insights into the molecular regulation of 

stromal cell PD-L1 expression, though data is lacking to show any capability 

of mesenchymal stromal cells to produce TNF-α. This is not to say, however, 

that one or more other factors are not present and playing an active role in 

the induction of stromal cell PD-L1 expression. 

Additionally, the concentration of TNF-α used to treat TNF-α control stromal 

cells (MSCTNF-α) was always the same as the highest concentration used to 

condition CT26 tumour cells, i.e. 100ng/ml. Given that the concentration of 

free TNF-α remaining in the conditioned medium from CT26 (TNF-TCM) is 

several orders lower than this (40-60pg/ml), this increases the likelihood 

that more than one signal is necessary for stromal cell PD-L1 induction, one 

of which is TNF-α, or indeed some other cytokine that will activate the same 

signalling pathways as TNF-α in stromal cells.  

With regard to TGF-β, this cytokine has been shown to be important in 

modulating the ability of CAFs to promote tumour growth, but not from an 

immunomodulatory point of view (Calon et al., 2012, Calon et al., 2014). We 
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found TGF-β to have no effect on basal stromal cell PD-L1 expression. While 

the recently published study by Ou et al., identified a role for TGF-β in 

negatively regulating TNF-α mediated increases in monocyte PD-L1 

expression, we did not find TGF-β inhibition to be effective in decreasing the 

enhanced stromal cell PD-L1 expression we observed in response to TNF-α 

treatment (Figure 5.6) (Ou et al., 2012). In looking at renal tubular epithelial 

cells, a tissue known to express PD-L1, Starke et al., found that TGF-β was 

only effective in modulating PD-L1 expression in when PD-L1 expression was 

induced by IFN-γ treatment (Starke et al., 2007, Ding et al., 2005). Although 

we did not observe an appreciable level of IFN-γ in the secretome from CT26 

tumour cells, even when pre-treated with TNF-α, it could be that there exists 

a second factor present in the tumour secretome which is in part responsible 

for PD-L1 induction and may be antagonised by TGF-β. Furthermore, in light 

of the study by Hartley et al. there may be factors produced by the stromal 

cells acting in a feed forward manner to promote PD-L1 induction, although, 

as was the case for TNF-α, data is lacking to show evidence of IFN-γ 

production by MSCs (Madrigal et al., 2014).  

There is a well published association between STAT signalling and PD-L1 

expression on various cell types, and in particular STAT1 and STAT3 (Meissl 

et al., 2017, Horlad et al., 2016). Thus, the finding of STAT1 and STAT3 

phosphorylation in stromal cells in following exposure to the tumour 

secretome was unsurprising (Figure 5.7). STAT1 looks to be of particular 

interest with regards the robust stromal cell PD-L1 induction we observed in 

response to the inflammatory tumour conditioning as the pattern of STAT1 

phosphorylation correlates with that of PD-L1 induction, with greatest 

STAT1 phosphorylation induction observed where the greatest PD-L1 

protein induction was seen.  

With regard to the factors we identified as secreted by inflammatory 

activated tumour cells, as well as links to STAT signalling, several of the 

proteins we identified have been shown to be important mediators of 

colorectal cancer metastasis. Most notable of these is CCL5, neutralisation 
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of which has been shown to restrict tumour growth in colorectal cancer 

(Cambien et al., 2011). Furthermore, a recent study showed that CCR5 

blockade can polarise macrophages to an anti-tumour phenotype (Bronte 

and Bria, 2016). Data are lacking to show if the same is true for MSC 

polarisation, but given our findings of significantly elevated CCL5 in TNF-

TCM, and a significanty more immunosuppressive stromal cell phenotype 

following exposure to this medium, CCL5 represents a potentially important 

signalling protein worthy of further investigation. In addition to CCL5, CXCL1 

secretion is a marker of poor prognosis in colorectal cancer patients (le Rolle 

et al., 2015). Perhaps even more interestingly in the context of the studies 

presented here, elevated CXCL1 levels were found to promote growth, not 

only of tumour cells, but also murine fibroblasts, adding weight to the idea 

that it may be another important factor in the tumour promoting stromal 

cell effects we saw in vivo (le Rolle et al., 2015). IL-5 and GM-CSF, another 

two of the cytokines we found to be secreted by tumour cells in response to 

inflammation stimulus, have been shown to enhance metastasis in breast 

cancer (Quail et al., 2017). This, as is the case for the other proteins 

mentioned here, could represent an important mechanism by which tumour 

cells altered the biology of stromal cells and culminated in the enhanced 

metastatic disease we observed in vivo. One caveat to this data is that it only 

examines the factors secreted by inflammatory conditioned CT26 tumour 

cells. This is important from the point of view of it being the secretome we 

used to condition our stromal cells prior to experiments. In the future it will 

be necessary to measure the factors subsequently released from these 

inflammatory tumour conditioned stromal cells, as this may give greater 

insight into the soluble factors employed by the tumour stromal 

compartment to aid tumour growth or supress anti-tumour immune 

responses. As mentioned, carcinogenesis is a complex, multi-factorial 

process, and it is likely that several, or indeed all of the proteins mentioned 

here, along with others not studied have an important role to play in this 

disease. 
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Limitations and future studies (Part 2) 

Taken together, the data in the second part of this chapter serves to 

highlight the existence of a complex process of stromal cell PD-L1 induction 

in response to factors present in the inflammatory tumour 

microenvironment. Data from part 1 of this chapter may suggest that 

targeting tumour cell NF-κB could be of benefit in colorectal cancer. This, 

however, is not without limitations, irrespective of any detrimental effects 

this may have on stromal cell immunomodulatory potential. Widespread NF-

κB inhibition would result in potent immunosuppression in patients, thereby 

increasing greatly their risk of opportunistic infection (Baud and Karin, 2009). 

Also, NF-κB signalling itself is very complex and differs from cell to cell and 

cancer to cancer, not to mention the excess inflammasome activation and 

inflammatory cytokine production shown to result from pharmacological 

NF-κB inhibition (Lin et al., 2010b, Greten et al., 2007). Thus, targeting NF-

κB in colorectal cancer with the hope of overcoming the immunosuppressive 

milieu set up by the stromal compartment is not straightforward. We 

propose that more specific targeting of downstream signalling molecules or 

released proteins may represent a more viable therapeutic option in this 

regard. To this end we investigated signalling pathways activated in stromal 

cells in order to identify potentially targetable candidates. The experiments 

described in the second part of this chapter address this question to a point, 

but considerably more work is necessary in order to identify optimum 

targets. While the Bioplex analysis of the tumour secretome shown here 

(Figure 5.8) identifies some potentially important factors responsible for the 

observed changes in stromal cell immunomodulatory potential, a more 

comprehensive analysis of this secretome by a proteomics or mass 

spectrometry based approach will yield a better overview of the factors 

involved (Kratchmarova et al., 2002, Finoulst et al., 2011, Sarkar et al., 2012) 
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While the western blot analysis of STAT phosphorylation is suggestive of a 

correlation between STAT1 phosphorylation, PD-L1 induction and enhanced 

stromal cell immunomodulatory potential, it is likely that one or more 

separate signalling pathways are involved in this process, especially in light 

of our data showing a likely 2 signal process of PD-L1 induction. Thus, as we 

suggested for the secretome, a more well-rounded analysis of all the 

signalling pathways altered in stromal cells in response to the inflammatory 

tumour secretome will yield more comprehensive data and identify those 

pathways most suitable for targeting. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.12 Summary (Part 2) STAT1 and STAT3 phosphorylation take place in 
stromal cells following exposure to the inflammatory tumour secretome. The 
pattern of STAT1 phosphorylation in particular, correlates with that of STAT1 
expression, and may represent an important mechanism by which stromal cell 
PD-L1 in induced in the tumour microenvironment 
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CHAPTER 6 

Discussion and Further Perspectives 
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As mentioned at the outset, T cells are critical mediators of the anti-tumour 

immune response (Hadrup et al., 2013, Galon et al., 2012, Galon et al., 2006). 

In an immunocompetent host, CD8+ cytotoxic T cells are capable of 

recognising and killing tumour cells by release of cytokines or proteases, or 

induction of apoptosis (Andersen et al., 2006) A. CD4+ T cells can also have 

a role to play in enhancing CD8+ T cell effector function (Kim and Cantor, 

2014). Clearly, these anti-tumour immune effector responses are not always 

efficient, and tumours succeed in avoiding immune mediated clearance. 

Numerous mechanisms have been implicated in this immune escape 

including secretion of factors by the tumour which act to suppress 

lymphocytes, APCs and other immune cells, downregulation of surface 

expression of MHC-I or insensitivity to anti-tumour effector cytokines such 

as IFN-γ (Garcia-Lora et al., 2003, Stewart and Abrams, 2008). However, the 

role of stromal cells in mediating the process of colon tumour immune 

evasion remains unclear and studies investigating the tumour promoting 

effects of stromal cells to date have been largely observational or focused 

on mechanisms such as MSC-mediated enhancement of tumour 

angiogenesis (Huang et al., 2013, Liu et al., 2011). Little progress has been 

made on elucidating the role of the immunomodulatory potential of these 

stromal cells in the tumour microenvironment. Given the location of these 

stromal cells which are positioned between the epithelial cells and 

underlying vasculature, and the fact that they have a known 

immunomodulatory capacity, we chose to investigate the ability of stromal 

cells to affect the proliferation and effector function of T cells. Additionally, 

since there is a strong link between inflammatory diseases and the 

development of colorectal cancer, and with the knowledge that NF-κB is an 

important transcription factor implicated in both, we investigated the role 

of the inflammatory tumour microenvironment in modulating this process. 
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6.1 Exposure to the inflammatory tumour secretome results in an 

enhanced immunomodulatory phenotype in stromal cells 

The aim of this thesis at the outset was to investigate the 

immunomodulatory changes that take place in stromal cells when they 

encounter the various factors secreted by tumour cells in the inflammatory 

tumour microenvironment. By measuring T cell proliferation, we found that 

stromal cells conditioned by the inflammatory tumour secretome had an 

enhanced ability to suppress both CD4+ and CD8+ T cell proliferation 

compared to control MSCs, or those treated with TNF-α or the control, non 

TNF-α activated tumour secretome. In addition to suppressing CD4+ and 

CD8+ T cell proliferation, inflammatory tumour conditioned stromal cells also 

significantly inhibited the release of effector molecules by T cells. This 

finding has a number of important ramifications in terms of the anti-tumour 

immune response. Firstly, T cell infiltrate into tumours has been shown to 

correlate with a better prognosis for patients, so a reduction in T cell 

proliferation as a result of encountering the suppressive stromal cell 

compartment could have detrimental outcomes on patient survival (Nosho 

et al., 2010). Secondly, in order to carry out their anti-tumour effector 

functions, it is necessary that T cells secrete effector molecules, some of 

which will induce direct cell killing (e.g. proteases such as granzyme B), 

others which serve to recruit and activate other important anti-tumour 

immune cell components (e.g. IFN-γ, TNF-α)  (Hadrup et al., 2013, Andersen 

et al., 2006, Hung et al., 1998, Prevost-Blondel et al., 2000). Inhibition of the 

release of these effector molecules could have dramatic consequences, not 

only on the ability of T cells to kill transformed or malignant cells, but also 

on the capacity of these cells to recruit and activate other important anti-

tumour immune effector cells such as macrophages (Mosser and Edwards, 

2008). Finally, our data using secretome-mediated conditioning of stromal 

cells highlights a lack of need for contact between the tumour and stromal 

cells in order for the development of this potently immunosuppressive 

stromal cell phenotype. This finding is unsurprising in light of published 
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studies showing an alteration in stromal cell behaviour following treatment 

with tumour conditioned medium, and indeed data from our own lab 

whereby an increased immunosuppressive capacity can be induced in 

stromal cells simply by treating with pro- and anti-inflammatory cytokines 

(Gao et al., 2009, Sun et al., 2014) (Lynch et al., Murphy et al., unpublished). 

Although not unexpected, this finding could mean that stromal cells at the 

fringes of a solid tumour and not necessarily in direct contact with malignant 

tumour cells could be induced to be equally as immunosuppressive as those 

closer to the core of the tumour. In particular in a large tumour this could 

mean the existence of quite a substantial immunosuppressive milieu 

(Kornprat et al., 2011). The presence of an immunomodulatory stromal 

compartment such as we have described here represents a significant 

barrier to entry for immune cells and so will undoubtedly have negative 

implications for anti-cancer therapies, and particularly the various types of 

immunotherapies which rely on entry to a tumour of activated anti-tumour 

effector immune cells. 

Indeed, in validation of this claim, we did observe an altered immune cell 

infiltrate in the tumours harvested in our in vivo studies when tumour cells 

were co-administered with inflammatory tumour conditioned stromal cells. 

Specifically, in a result that correlated with our earlier in vitro findings, we 

observed diminished CD8+ T cell granzyme B expression with the co-

administration of inflammatory tumour conditioned stromal cells. As 

described, granzyme B is an important effector molecule of the cytotoxic T 

cell anti-tumour response (Andersen et al., 2006). Perhaps most 

importantly, the co-administration of inflammatory tumour conditioned 

stromal cells with CT26 tumour cells resulted in a significant increase in 

tumour invasiveness and growth. Given that metastasis in colorectal is often 

fatal, this finding may be of critical importance when deciding on the optimal 

treatment, and which cells to target most specifically, in a patient with 

metastatic colon cancer. Interestingly, we did not see a diminished infiltrate 

of CD4+ or CD8+ T cells in tumour in vivo, despite observing a significant 
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inhibition of the proliferation of these cells in vitro. This likely represents the 

complex, multicellular environment that is the tumour microenvironment. 

Our in vitro experiments, while indispensable for investigating mechanism 

and studying precise interactions between specific cell populations, are 

more limited in their scope in terms of the numerous populations present in 

vivo in an environment as complex as the tumour microenvironment. For 

example, bone marrow derived antigen presenting cells (APCs) have been 

shown to be important in the priming of de novo T cell responses and 

amplification of the effector response by processing and presenting tumour 

antigen to T cells, and tumour associated macrophages can augment T cell 

behaviour in the tumour microenvironment (Hung et al., 1998, Noy and 

Pollard, 2014). Each of these cellular populations is largely absent from our 

in vitro cultures, apart from a small number of APCs in the lymph node and 

spleen, and so their stromal cell modulating effects have not been assessed 

in our system. However, these populations no doubt have an active role to 

play in the findings we obtained in vivo, the study of which will form the basis 

of future studies.  

6.2 Stromal cell PD-L1 may represent a viable target for 

immunotherapeutic targeting and may be useful in better stratifying 

patients for immunotherapeutic regiments 

We show here that inflammatory tumour conditioning induces robust PD-L1 

expression on stromal cells. Furthermore, PD-1 blockade was sufficient to 

reverse the enhanced CD8+ T cell suppression and inhibition of effector 

molecule release observed in vitro, indicating a dependency on induced PD-

L1 expression for these T cell inhibitory effects in response to inflammatory 

tumour conditioning. Furthermore, by utilising an immunocompetent, 

syngeneic murine model, we could overcome the limitations in assessing 

immune cell infiltrate associated with the use of xenografts in 

immunocompromised mice, and successfully identified an important role for 

stromal cell PD-L1 in the observed increases in tumour invasiveness and 

growth given that we saw a significant reduction in both upon administration 
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of PD-1 monotherapy. In our immunogenic model, these results were 

associated with increased CD8+ T cell granzyme B expression, suggesting a 

role for these anti-tumour immune effector cells in modulating the observed 

response to PD-1 antibody therapy. 

The use of checkpoint inhibitors as a therapeutic strategy for the treatment 

of various cancers has gained momentum, with PD-1 providing an attractive 

target. Antibodies specifically targeting PD-1 signalling are currently under 

clinical investigation for colorectal cancer, melanoma, renal cell carcinoma, 

non-small-cell lung cancer, head and neck squamous cell cancer and 

haematological malignancies (Philips and Atkins, 2015). With regards 

specifically to colorectal cancer, evidence now shows that there is a 

particular patient cohort that will respond favourably to PD-1 therapy, and 

may in fact be harmed by standard chemotherapy (Dunne et al., 2016). 

Moreover it was observed in this work that this PD-L1 expression is not 

restricted to the epithelial tumour cell, and in fact was located in the stromal 

compartment. It is these stromal PD-L1-expressing patients that were found 

to respond best to PD-1 antibody therapy (Dunne et al., 2016). In fact, PD-1 

immunotherapy has very recently been granted FDA approval for use in 

metastatic colon cancer that has been unresponsive to standard 

chemotherapy (FDA, 2017) 

Our data demonstrate a central role for stromal PD-L1 expression in 

inhibiting anti-tumour immune responses and enabling tumours to grow and 

metastasise. In light of studies such as the one just mentioned showing 

positive responses to PD-1 immunotherapy in patients whose tumours have 

been deemed PD-L1 negative or for whom PD-L1 is expressed on cells other 

than the cancerous epithelium, we provide a clear rationale for the 

assessment of stromal cell PD-L1 expression in order to better stratify 

patients for immunotherapy. 

Furthermore, we observed high CD80 expression on stromal cells, even in 

following inflammatory tumour conditioning. CD80 is a ligand for the T cell 
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co-receptor CD28, the blockade of which by CTLA-4 immunotherapy has 

yielded positive results in malignancies such as melanoma (Hodi et al., 2010).  

As mentioned in the introduction, ipilimumab, a CTLA-4 antibody, has 

recently been shown to have beneficial effects for another cohort of patients 

when combined with PD-1 inhibition (Alexander, 2016). Given the robust 

CD80 expression we observed on these stromal cells, it is plausible that CTLA-

4 blockade may have additional benefits in our model.  

Furthermore, it is well known that PD-L1 or PD-1 expression is not limited to 

stromal and T cells respectively (Gordon et al., 2017). In a setting as complex 

and heterogeneous as the colon tumour microenvironment, targeting one 

cell is isolation may be insufficient in generating a tangible clinical benefit. 

However, the use of stromal cell PD-L1 expression to, as we have suggested, 

better stratify patients and identify optimum therapeutic strategies, whether 

monotherapy or various combinations of immune/chemotherapy, will lead 

to faster and more durable patient responses and avoid the harm observed 

by Dunne et al., caused by the administration of inappropriate therapies to 

these very sick patients.  

The precise molecular mechanisms underpinning this enhanced PD-L1 

expression on stromal cells remains to be elucidated and represents an 

important avenue of pursuit for the future in our laboratory. The preliminary 

data presented in Chapter 5 of this thesis begins to address this large 

unknown gap in our knowledge, however, a more broad and systematic 

approach to tackling this question will likely yield more robust and clinically 

useful data. 

6.3 MSCs as APCs? 

One interesting finding that came to light over the course of these 

experiments, but the study of which was outside the scope and time 

constraints of this project, was the robust increase in MHC-I expression, 

along with PD-L1, upon stromal cell exposure to the inflammatory tumour 

conditioning. This provoked the comparison of MSCs to antigen presenting 
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cells, given that the role of MHC-I is indeed to present antigen to T cells 

(Janeway CA, 2001). It has in fact 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 (Owens, 2015, Pinchuk et al., 

2008) . 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. (Francois et al., 

2009, Chan et al., 2006, Stagg et al., 2006). Furthermore, CD90+ intestinal 

stromal cells have been shown to be capable of bacteria uptake and 

phagocytosis (Owens et al., 2013). This has provoked the question of 

whether MSCs are immune cells. A recent review by Hoogduijn addresses 

this question in detail (Hoogduijn, 2015), 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 they have “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 demonstrated above, 

interact with and influence the behaviour of components of the innate and 

adaptive immune system (Bernardo and Fibbe, 2013), This is an attempt, 

presumably, to protect the host, albeit 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 
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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.  

6.4 Conclusion 

We show that stromal cells will be induced to express PD-L1 in response to 

factors released in the inflammatory tumour microenvironment. This 

conditioning results in a heightened ability for T cell suppression and tumour 

promotion by these stromal cells, an effect which is at least partly 

dependent on tumour cell NF-κB signalling and reversed by blockade of PD-

1. Identification of the factors released from tumour cells under conditions 

of inflammation, and the signalling pathways activated in MSCs may open 

more doors for the development of novel adjuvants for immunotherapy to 

enhance the clinical therapeutic effects. In summary, we believe that 

targeting stromal cell PD-L1 may be a novel and important aspect to consider 

in efforts to break the cycle of immune evasion and immunosuppression 

established by the stromal compartment of the tumour microenvironment. 

This may represent an exciting target for combinatorial approaches to 

cancer therapy, leading to more favourable and durable outcomes for 

patients. 

6.5 Further Perspectives  

6.5.1 MSCs in the tumour microenvironment – a double-edged sword? 

MSCs are being investigated for their potential to therapeutically modulate 

inflammatory diseases of the intestine, including Crohn’s disease (Dalal et 

al., 2012). This clinical application, along with 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 



162 
 

sodium (DSS) (Nasuno et al., 2014, Chen et al., 2014). 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 (Tanaka et al., 2003). 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 (Nasuno et al., 2014, Chen et al., 2014). 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 

(Grivennikov, 2013, Terzic et al., 2010), 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. 

Further studies refining the precise contributions of stromal cells at each 

stage of colon cancer development, from adenomatous polyp to overt 

clinical disease, are necessary in order to better understand the precise 

contributions of this population of cells at each stage of the process, and 

indeed to understand more fully the implications of therapeutically targeting 

these cells. 

6.5.2 MSCs as therapeutic vectors for cancer therapy 
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Interestingly, MSCs are also being investigated for their potential use as 

delivery vehicles for anti-tumour therapy. Some early evidence for the anti-

tumour potential for MSCs came from studies from Khakoo et al., 

demonstrating that human MSCs injected into a mouse model of Kaposi’s 

sarcoma caused a dose-dependent inhibition of tumour growth (Khakoo et 

al., 2006). This reduction was attributed to the ability of MSCs to inactivate 

Akt signalling in tumour cells. A limited number of other studies noted 

similar effects with separate malignancies (Kidd et al., 2010, Qiao et al., 

2008). A broader knowledge of the particular tumour microenvironment 

may be an essential consideration in interpreting these data, as the presence 

or absence of high levels of inflammatory signalling could be critical in 

dictating the capacity of the stromal compartment in these tumours to 

modulate infiltrating immune cells.  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 

(Chen et al., 2008, Kosaka et al., 2012, Xin et al., 2007, Studeny et al., 2004, 

Mueller et al., 2011). 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 (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 (Niess et al., 2015). 

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 (Niess et al., 2015). 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 
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therapies such as CX3CL-1, TRAIL and IFN-β (Xin et al., 2009, Loebinger et al., 

2009, Studeny et al., 2004, Studeny et al., 2002). 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 in patients. For these reasons, and 

the fact that the follow up periods in these studies were short and the so 

long term immunological consequences were not fully investigated, these 

results must be interpreted with caution. The data we have presented in this 

thesis suggests that exogenous MSC administration to cancer patients may 

in fact be a very high risk approach to therapy, at least in certain instances 

such as that of our model whereby the microenvironment is highly 

inflammatory and capable of dramatically altering MSC biology and 

immunomodulatory potential. However, data that will emerge from studies 

such as this where the tumour-homing capacity of MSCs is investigated and 

better understood will undoubtedly have clinical benefit, be it via 

exploitation to deliver therapeutic agents, or for targeting in itself in order 

to halt the process of stromal cell recruitment by tumours. 

6.5.3 PD-1 therapy may be a useful adjuvant for T cell therapy 

In addition to this role in predicting response to immunotherapy, stromal cell 

PD-L1 expression in the colon tumour microenvironment may also have 

important implications for the use of adoptive T cell therapy which involves 

harvesting T cells from patients, expanding them and infusing  these T cells 

back into the patient (Lynch and Murphy, 2016). This process relies on T cells 

leaving the blood and lymphatic system and infiltrating the tumour to exert 

their effect. A dense stromal compartment in which cells express high levels 

of PD-L1 may represent a significant hindrance to the effectiveness of this 

therapy. We propose that co-administration of an immune checkpoint 

inhibitor such as anti-PD-1 may have a synergistic effect in this setting. 

In summary of the data cited in this section, and indeed that presented 

throughout the course of this thesis, we suggest that the role of MSCs in the 
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tumour microenvironment may be tumour and context specific, highlighting 

the urgent need for standardised models. A better understanding of the 

process of stromal cell recruitment, phenotype induction and effector 

function, some of which we have shed light on in this thesis and presented 

novel findings upon, will undoubtedly lead the development of more 

targeted and efficacious cancer immunotherapies and ultimately to better 

clinical outcomes for patients. 
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Appendix Two: Reagents and plastics 

Cell Culture Medium and Additives   
Item Supplier Cat. No. 

alpha-MEM Gibco-Biosciences 32561029 

Ascorbic acid 2-Phosphate Sigma A8960 

Bone Morphogenetic Protein   
Bovine Serum Albumin Sigma A2153 

Dexamethasone Sigma D4902 

DMEM (high glucose) Gibco-Biosciences 31966-021 

Dumethyl Sulfoxide (DMSO) Sigma 2650 

Equine Serum Fisher 10407223 

Fetal Bovine Serum (FBS) Sigma F7524 

ITS+ Supplement Sigma I3143 

L-Proline Sigma P5607 

Penicillin/Streptomycin Sigma P4333 

Sodium Pyruvate Gibco 15240062 

TGF-β3   
TNF-α Peprotech 400-14 

Trypsin 0.25% EDTA Biosciences 25200056 

Hematoxylin Sigma H3136 

L-Glutamine Biosciences 25030024 
Mouse activatror CD3/CD28 
Dynabeads Life Technogies 11456D 

Plastics   
Item Supplier Cat. No. 

15ml tubes Sarstedt 62.554.502 

25ml blow out pipette Sarstedt 86.1685.001 

5ml blow out pipette Sarstedt 86.1253.001 

5ml Facscan Sarstedt 55.1578 

6 well plates, flat bottom Sarstedt 83.392 

T175 Culture Flask Fisher 10246131 

24 well plates, flat bottom Sarstedt 83.3922 

96 well plates, round bottom Sarstedt 83.3926 

50ml tubes  Sarstedt 62.547.254 

ELISAs and Bioplex   
Item Supplier Cat. No. 

human/mouse TGF-beta ELISA eBioscience 88-8350-22 

IFN-g ELISA eBioscience 88-7314 

Granzyme B ELISA eBioscience 88-8022 

PGE2 ELISA Abcam ab133021 

Bioplex Plate and Reagents Fannin Heaalthcare 
M60-
009RDPD 

Western Blotting   
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Item Supplier Cat. No. 

30% acrylamide mix Sigma 
A3699 
5x100ml 

Amersham Protran 0.2um NC Biosciences 15249794 

ammonium persulfate Sigma A3678 - 100g 

Anti-mouse HRP Cell Signalling 7076s 

Anti-rabbit HRP Cell Signalling 7074s 

a-SMA antibody MSC PA5-19465 

CL-Xposure Film Sigma 34088 

ECL Western Blotting Substrate Sigma 32106 

Glycerol Sigma G2025 500ml 

Hydrochloric Acid  H1758-100ml 

Lamin B1 antibody MSC PA5-19468 

Methanol Sigma 34860 - 2.5L 
N,N′,N′-Tetramethylethylenediamine Sigma T9281 - 50ml 

Sodium dodecyl sulfate Sigma L3771-100G 

X2 PageRuler prestained protein ladder Fisher 11832124 
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Appendix Three: Media and Buffer Formulations 

CT26 Tumour cell medium  Murine MSC medium  
DMEM   MEM-α  
Fetal bovine serum (FBS) 10%  Fetal bovine serum (FBS) 10% 

Penicillin-streptomycin 1%  Equine serum 10% 

   Penicillin-streptomycin 1% 
HCT116/HT29 Tumour cell medium    
McCoy's 5A   Human MSC Medium  
Fetal bovine serum (FBS) 10%  MEM-α  
Penicillin-streptomycin 1%  Fetal bovine serum (FBS) 10% 

L-Glutamine 1%  Penicillin-streptomycin 1% 

   FGF2 1ng/ml 

     
T cell meduym   FACS Buffer  
RPMI-1640   PBS  
Fetal bovine serum (FBS) 10%  FBS 2% 

Penicillin-streptomycin 1%  Sodium Azide 0.05% 

L-Glutamine 1%    
Non-essential amino 
acids 1%  Western Blot Lysis Buffer 2X 

β-Mercaptoethanol 0.10%  10% SDS solution 20ml 

   100mM Tris HCl pH6.8 5ml 

Freezing medium   0.1% Bromophenol Blue 0.05g 

FBS   20% glycerol 10ml 

DMSO 10%  Water 15ml 

   

1X Buffer: Dilute 1:2 with 95% H2O and 
5% β-mercaptoethanol 

     

     
Resolving Gel   Stacking Gel  

Reagent 
Volume  
(1 gel)  

Reagent 
Volume  
(1 gel) 

H2O 2ml  H2O 1.4ml 

30% acrylamide mix 1.7ml  30% acrylamide mix 330μl 

1.5 M Tris pH 8.8 1.3  1 M Tris pH 6.8 250μl 

10% SDS 50μl  10% SDS 20μl 

10% APS 50μl  10% APS  20μl 

TEMED 2μl  TEMED 2μl 

   TEMED 2μl 
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