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Abstract 

 

Immunosuppressive tumour microenvironments (TME) inhibit the effectiveness of many 

immunotherapies. The hypersialylation of cancer cells contributes significantly to this 

suppressive environment, aiding in tumour immune evasion. Sialic acids are bound by 

siglec (sialic acidςbinding, immunoglobulin (Ig)-like lectin) receptors expressed by 

immune cells such as macrophages and T cells. This binding initiates a downstream 

inhibitory signalling response similar to what is seen with PD-1/PD-L1 binding. Cancer 

associated fibroblasts, or CAFs, are a highly immunosuppressive cell type found in the 

colorectal cancer TME and are associated with tumour progression and a worse 

prognosis, however, the mechanisms by which they mediate their immunosuppressive 

properties have not yet been fully elucidated.  

This PhD aimed to investigated if the sialylation profile of CAFs and tumour-conditioned 

stromal cells contribute to their immunosuppressive properties; and if this could provide 

a novel target, overcoming immunotherapy resistance commonly associated with 

approved immunotherapies. 

Colorectal cancer cell line secretome, +/- an inflammatory TNF-ʰ ǎǘƛƳǳƭǳǎ, was 

generated and used to condition primary BALB/c bone marrow mesenchymal stromal 

cells (BM-MSCs). BM-MSCs recruited into the colorectal cancer TME are known to be 

precursors to CAFs, and our model reflects this recruitment process. Intestinal stromal 

cells were isolated from primary colorectal cancer patient resections and were termed 

cancer associated fibroblasts (CAFs) or normal associated fibroblasts (NAFs) based on 

their location relative to the primary tumour. The sialylation profile of these cells were 

assessed through the use of lectins and Fc chimeras staining on flow cytometry and an 

ŜƭŜǾŀǘŜŘ ƭŜǾŜƭ ƻŦ ʰнΣс ŀƴŘ ʰнΣо ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘ ǿŀǎ ŎƻƴŦƛǊƳŜŘ ƛƴ ōƻǘƘ tumour-

conditioned mouse stromal cells and CAFs compared to controls. BALB/c BM-MSCs 

ŎƻƴŘƛǘƛƻƴŜŘ ǿƛǘƘ ǘǳƳƻǳǊ ǎŜŎǊŜǘƻƳŜ ƘŀŘ ŜƭŜǾŀǘŜŘ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ōƻǘƘ ʰ нΣс ƭƛƴƪŜŘ ǎƛŀƭƛŎ 

acids and siglec-E ligands. When these same cells were cultured with inflammatory 

tumour secretome, thŜǊŜ ǿŀǎ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ƛƴŎǊŜŀǎŜ ƛƴ ʰнΣо ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘΦ Lƴ ǇǊƛƳŀǊȅ 
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intestinal stromal cells, /!Cǎ ƘŀŘ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƘƛƎƘŜǊ ƭŜǾŜƭǎ ƻŦ ʰнΣс ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘǎ ŀƴŘ 

siglec-9 ligands compared to patient matched NAFs.  Following this, the use of a 

sialyltransferase inhibitor, P-3FAX-Neu5Ac, was shown to significantly reduce cell 

surface sialic acid expression on stromal cells +/- tumour conditioning, without affecting 

cell size or viability. Interestingly, the use of the sialyltransferase inhibitor could 

significantly increase the detection of PD-L1 by both flow cytometry and western 

blotting, suggesting the PD-L1 may be sialylated. 

Stromal cells +/- tumour secretome conditioning were cultured with healthy splenocytes 

(mouse) or PBMCs (human) and their immunosuppressive properties were assessed by 

flow cytometry. CAFs significantly induced a more exhausted and immunomodulatory T 

cell phenotype, highlighted by increased expression of exhaustion markers, PD-1, TIM-3 

and LAG-3, and immunomodulatory receptors Siglec-7 and -9 when compared with 

NAFs. To elucidate the role of sialylation on CAF-mediated immunosuppression, NAFs 

and CAFs were treated with the sialyltransferase inhibitor (SI) P-3FAX-Neu5Ac prior to 

co-culture. Reduction of sialic acid expression on NAFs/CAFs was confirmed by flow 

cytometry and the SI-treated NAFs/CAFs were then co-cultured with allogeneic T cells 

to assess the functional consequences of reduced NAF/CAF sialylation. SI-treated CAFs 

induced significantly less CD4+TIM-3+ and both CD4+LAG-3+ and CD8+LAG-3+ T cells 

compared to their untreated counterparts. Interestingly, SI-treated CAFs also induced 

significantly less Siglec-7 and -9 receptor-expressing CD8+ T cells. 

An in vivo mouse model of CT26 colorectal cancer was designed to assess the role of 

highly sialylated stromal cells. Mice were subcutaneously injected with CT26 cells and 

conditioned stromal cells, where the stromal cells had undergone prior desialylation in 

the appropriate groups. Mice with highly stromal dense tumours had significantly 

supressed T cells, with supressed CD25 and granzyme B expression, both 

intratumourally and distally in the spleen and draining lymph node. This suppression 

was sialylation dependent, with complete loss of suppression in tumours with 

desialylated stromal cells. Macrophages and NK cells in the tumour, draining lymph 

nodes and spleens expressed significantly less siglec-G in mice which received co-
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injection of CT26 cells and tumour-conditioned MSCs, which was dependent on the 

ǎǘǊƻƳŀƭ ŎŜƭƭǎΩ ǎƛŀƭȅƭŀǘƛƻƴ ǇǊƻŦƛƭŜ. 

These results demonstrate that stromal cells in the tumour-microenvironment can 

regulate immune cells in a sialylation dependent manner and that their 

immunosuppressive effects may be reversed through the targeting of sialylation on the 

stromal cell surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

xi 

 

Publications and Presentations 

 

First author publications 

¶ Stromal cell sialylation suppresses T cells in inflammatory tumour 

microenvironments: A new tumour stromal cell immune checkpoint?  

IŀƴƴŀƘ 9ƎŀƴΣ hƭƛǾŜǊ ¢ǊŜŀŎȅΣ  YŜǾƛƴ [ȅƴŎƘΣ bƛŀƳƘ ! [ŜƻƴŀǊŘΣ DǊŀŎŜ hΩaŀƭƭŜȅΣ YƛƳ 5Ŝ 

Veirman,  Karin Vanderkerken, Michael Craughwell,  Laurence J Egan, Thomas Ritter, 

Aisling M Hogan, Keara Redmond, Margaret Sheehan, Aoife Canney, Sean Hynes, Emma 

YŜǊǊΣ tƘƛƭƛǇ 5 5ǳƴƴŜΣ aƛŎƘŀŜƭ 9 hΩ5ǿȅŜǊΣ  !ƛŘŜŜƴ 9 wȅŀƴΦ ŘƻƛΥ 

https://doi.org/10.1101/2021.06.18.447879. Preprint 

o Submitted to Cell Reports - Under revision with new title ς ΨTargeting stromal 

cell sialylation reverses T cell mediated immunosuppression in the tumour 

microenvironmentΩ 

 

Co-author publications 

¶ Stromal cells in colorectal cancer ς new immunotherapeutic targets Hannah 

Egan, Niamh A Leonard, Eileen Reidy, Oliver Treacy, Aisling M Hogan, Margaret 

Sheehan, Laurence Egan, Aoife Canney, Sean O. Hynes and Aideen E Ryan. HPN 

Ireland. 2021 

Aug.https://issuu.com/ipncommunicationsltd/docs/hpn_august_2021_digital_

version?fr=sNzMyODMyMDk4MjA 

 

Oral Presentations and Awards 

¶ άThe Role of Sialylation in MSC-mediated Immunosuppression in the Tumour 

Microenvironmentέ ς Haematology Association of Ireland Annual Meeting 

October 11th- 12th 2019  

¶ ά{ǘǊƻƳŀƭ ŎŜƭƭ ǎƛŀƭȅƭŀǘƛƻƴ ŀƴŘ ƛǘǎ ǊƻƭŜ ƛƴ ǘƘŜ ǘǳƳƻǳǊ ƳƛŎǊƻŜƴǾƛǊƻƴƳŜƴǘέ -Discipline 

of Pharmacology and Therapeutics Graduate Research day, NUI Galway May 8th 

2020  



  

xii  

 

¶ ά¢ ŎŜƭƭǎ ǎǿŜŜǘ ǘƻƻǘƘέ - Soapbox Science, 4th September 2021 

¶ ά¢ƘŜ wƻƭŜ ƻŦ {ƛŀƭȅƭŀǘƛƻƴ ƛƴ a{/-mediated Immunosuppression in the Tumour 

aƛŎǊƻŜƴǾƛǊƻƴƳŜƴǘέ - 6th European Congress of Immunology ECI September 

2021 

¶ ά¢ƘŜ wƻƭŜ ƻŦ {ƛŀƭȅƭŀǘƛƻƴ ƛƴ a{/-mediated Immunosuppression in the Tumour 

aƛŎǊƻŜƴǾƛǊƻƴƳŜƴǘέ ς Pharmacology Department Day, December 2021 

o Awarded the Leonard Prize for best presentation 

¶ ά¢ƘŜ ¢ cells sweet tooth: T Cells exposed to highly sialylated cancer associated 

fibroblasts have an exhausted phenotype, which can be reversed through 

ŘŜǎƛŀƭȅƭŀǘƛƻƴέ - Cancer Immunotherapy: Decoding The Cancer Immunity 

Interconectome - Whistler BC, Canada, March 20th-24th 2022 

 

Poster Presentations and awards 

¶ ΨThe Role of Sialylation in MSC-mediated Immunosuppression in the Tumour 

aƛŎǊƻŜƴǾƛǊƻƴƳŜƴǘΩ - College of Medicine Nursing and Health Science 

Postgraduate Research Day, May 17th, 2018. 

o Awarded best poster presentation  

¶ ΨThe Role of Sialylation in MSC-mediated Immunosuppression in the Tumour 

aƛŎǊƻŜƴǾƛǊƻƴƳŜƴǘΩ - Irish society of Immunology annual meeting - RCSI, Dublin, 

19TH & 20TH September 2019.  

o Awarded best poster presentation prize 

¶ ά{ǳƎŀǊ ƘƛƎƘΥ 5ƻŜǎ ǘƘŜ ǎƛŀƭƛŎ ŀŎƛŘ ǇǊƻfile of cancer associated fibroblasts induce a 

ƳƻǊŜ ǘǳƳƻǳǊ ǇŜǊƳƛǎǎƛǾŜ ƳƛŎǊƻŜƴǾƛǊƻƴƳŜƴǘΚέ - The Society for Immunotherapy 

ƻŦ /ŀƴŎŜǊΩǎ ό{L¢/ύ осth Annual Meeting, October 9th- 14th, 2020. 

¶ ά¢ƘŜ wƻƭŜ ƻŦ {ƛŀƭȅƭŀǘƛƻƴ ƛƴ a{/-mediated Immunosuppression in the Tumour 

aƛŎǊƻŜƴǾƛǊƻƴƳŜƴǘέ ς 6th European Congress of Immunology meeting, Sept 1-

4th, 2021. 

¶ ά¢ƘŜ ¢ cells sweet tooth: T Cells exposed to highly sialylated cancer associated 

fibroblasts have an exhausted phenotype, which can be reversed through 



  

xiii  

 

ŘŜǎƛŀƭȅƭŀǘƛƻƴέ ς Keystone Symposia Cancer Immunotherapy: Decoding the 

Cancer Immunity Interactome, March 20-24th 2022. 

Structured PhD Credits (30 ECTS) 

ω           Laboratory Animal Science Training (LAST) Ireland, course code GS525, 5ECTS 

ω Basic and Advanced Immunology, course code REM508, 5ECTS 

ω Advanced and applied Immunology, course code MD536, 5ECTS 

ω Journal Club Programme, course code GS502, 5ECTS 

¶       Seminar Programme, course code GS501, 5ECTS  

¶       Research Integrity, course code GS5110, 5 ECTS 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

xiv 

 

Abbreviations 

 

ADCC  Antibody dependant cellular cytotoxicity 

apCAF  Antigen presenting cancer associated fibroblast 

BM-MSC Bone marrow mesenchymal stromal cell 

CAF  Cancer associated fibroblasts 

CMS  Consensus molecular subtyping 

CRC  Colorectal cancer 

CSF  Colony stimulating factor 

CTL  Cytotoxic T Lymphocyte 

CTLA4  Cytotoxic T lymphocyte antigen 4 

CXCL  Chemokine ligand 

CXCR  Chemokine receptor 

DC  Dendritic cells 

DISC   Death inducing signalling complex 

DLN  Draining lymph node 

EAGLE  Enzyme-antibody glycol-ligand editing 

ECM  Extracellular matrix 

EGFR  Epithelia growth factor receptor 

EMT  Epithelial-mesenchymal transition 

EP  Endothelial progenitor  

EV  Extracellular vesicle 



  

xv 

 

FAP  Fibroblast activation protein 

FGF  Fibroblast growth factor 

FN1  Fibronectin 1  

5-FU  5-Fluorouracil 

GM-CSF Granulocyte macrophage colony stimulating factor 

HGF  Hepatocyte growth factor 

hMSC  Human MSC 

HGF  Hepatocyte growth factor 

Hrs  Hours 

IDO  Indoleamine 2,3-dioxygenase (IDO) 

LCbʴ  Interferon-  ɹ

IL  Interleukin 

iSC  Intestinal stromal cells 

ITIM  Immunoreceptor Tyrosine-based Inhibitory Motif 

ITAM  Immunoreceptor Tyrosine-based Activation Motif 

LOX  Lipoxygenases  

mAB  Monoclonal antibody 

MAG  Myelin associated glycoprotein 

MAL-II  Maackia Amurensis Lectin II 

MFI  Median fluorescent intensity  

MMP  Matrix metalloproteinases 

MSC  Mesenchymal stromal cell  



  

xvi 

 

MSS  Microsatellite stable 

MSI   Microsatellite instable  

MUC  Mucin 

NAF  Normal associated fibroblast 

NK  Natural Killer 

PBMC  Peripheral blood mononuclear cell 

PDAC  Pancreatic ductal adenocarcinoma 

PD-L  Programmed death ligand 

PD-1  Programmed cell death protein 1 

PGE  Prostaglandins 

RFI  Relative florescent intensity 

SAMP  Self associated molecular patterns  

sc-RNA seq Single cell RNA sequencing 

SI  Sialyltransferase inhibitor 

SIGLEC  Sialic-acid-binding immunoglobulin-like lectin 

SNA-I  Sambucus nigra 

sTN   Sailyl-Tn 

SSP  Sessile serrated polyps 

TAMs  Tumour associated macrophages  

TCS  Tumour-conditioned secretome 

TCR  T cell receptor 

TGF-  ̡  ¢ǊŀƴǎŦƻǊƳƛƴƎ ƎǊƻǿǘƘ ŦŀŎǘƻǊ ʲ 



  

xvii  

 

TIL  Tumour infiltrating lymphocyte 

TME  Tumour Microenvironment  

TNBC  Triple negative breast cancer 

TNF-  h  Tumour necrosis factor- h  

TNM  Tumour Node Metastasis  

Tregs  Regulatory T cells  

VEGF  Vascular endothelial growth factor 

-hSMA  -hsmooth muscle actin 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

xviii  

 

List of Figures 

Chapter 1  

Figure 1.1 The development of benign polyps into malignant adenocarcinomas  

Figure 1.2 The Colorectal cancer consensus molecular subtypes 

Figure 1.3 The various origins of cancer associated fibroblasts 

Figure 1.4 Schematic of the heterogeneous CAF subtypes found in the TME and their 

related functions 

Figure 1.5 Schematic of the diverse range of functions of identified in CAFs 

Figure 1.6 Schematic of the polarization spectrum of macrophages 

Figure 1.7 Diagram of NK cell activation in healthy cells and target cells 

Figure 1.8 Diagram of T cell activation  

Figure 1.9 Glycans attached to proteins and lipids add complexity which can alter 

function 

Figure 1.10 Diagram of the endogenous glycosylation pathway 

Figure 1.11 An overview of the multitude of glycosylation modifications which can 

influence tumour development 

Figure 1.12 The various linkages of sialic acid 

Figure 1.13 Sialic acid synthesis 

Figure 1.14 Structure and signalling profile of human and mouse siglecs 

Figure 1.15 Siglec binding on macrophages initiates downstream signalling pathways 

which are involved in tumour immunosurveillance 



  

xix 

 

Figure 1.16 Siglec binding on NK cells initiate inhibitory downstream signalling pathways 

which suppress NK cytotoxic function 

Figure 1.17 Siglec binding on T cells suppresses activation and cytotoxic function 

Figure 1.18 Sialic acid discovery timeline 

Figure 1.19 Various methods of selectively targeting tumour cell sialylation and siglec 

ligands 

Chapter 2  

Figure 2.1 The generation of tumour secretome 

Figure 2.2 The conditioning of murine BM-MSCs or hMSCs with tumour cell line 

secretome 

Figure 2.3 The treatment regime for conditioned MSCs and primary NAFs/CAFs with the 

sialyltransferase inhibitor 3Fax-Peracetyl Neu5Ac 

Figure 2.4 T cell proliferation as measured by CTV staining and flow cytometry  

Figure 2.5 Gating strategies to measure T cell cytotoxicity, as measured by the percent 

of  CT26 cell death 

Figure 2.6 Schematic of phagocytosis assay and gating strategy to identify CD11b+CTV+ 

macrophages 

Figure 2.7 Schematic of in vivo set up 

Chapter 3  

Figure 3.1 Tumour cell secretome, in the absence and presence of inflammation, 

significantly upregulates stromal sialic acid expression in a time dependent manner 

Figure 3.2 Sialyltransferase treatment optimization schematic 



  

xx 

 

Figure 3.3 Sialyltransferase inhibitor sigƴƛŦƛŎŀƴǘƭȅ ǊŜŘǳŎŜǎ ʰнΣс ŀƴŘ ʰнΣо ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘ 

on conditioned MSCs in a time dependent manner. Two doses of 200M˃ SI was the 

optimal dose for cell surface salic acid reduction on CT26 conditioned stromal cells 
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Figure 3.5 Sialyltransferase inhibitor treatment did not significantly alter the expression 

of characteristic stromal cell markers within conditioned groups 

Figure 3.6 Inflammatory tumour conditioning of stromal cells upregulates CD47 and PD-

L1 expression but reduced CD24 

Figure 3.7 Mouse stromal cells +/- tumour secretome conditioning had significantly 

ƘƛƎƘŜǊ ƭŜǾŜƭǎ ƻŦ ʰнΣс ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘ 

Figure 3.8 HT29 TCS and TNF-TCS conditioned hBM-MSCs had significantly higher 

ŜȄǇǊŜǎǎƛƻƴ ƻŦ ʰнΣс ŀƴŘ ʰнΣо ƭƛƴƪŜŘ ŎŜƭƭ ǎǳǊŦŀŎŜ ǎƛŀƭƛŎ ŀŎƛŘ ǘƘŀƴ I¢нф ŎŜƭƭǎ. HCT116 TCS 

and TNF-TCS conditioned hBM-MSCs had significantly higher expression of siglec-7 and 

-9 ligands then HCT116 cells +/- TNF-  h

Figure 3.9 Intestinal stromal cells were isolated from primary patient colorectal cancer 

resections 
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Figure 3.12 Sialic acid is involved in PD-L1/PD-1 binding 
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Figure 4.13 CAFs significantly induced exhaustion (PD-1) and the expression of 

immunosuppressive siglecs (7 and 9) on CD8+ T cells, and suppressed the expression of 

PD-1 and siglec-10, while inducing siglec-9 expression on CD4+ T cells 
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Figure 4.15 CAFs significantly suppressed the expression of PD-1 on Natural Killer cells 
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Figure 5.3 The frequency of CD8+CD25+ T cells was significantly suppressed in a 

sialylation dependent manner in the tumour, DLN and spleen. The frequency of 
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CD4+siglec-E+ T cells was significantly suppressed in DLNs of mice in the CT26+MSCTCS+SI 

group but was upregulated in the spleens of mice in the CT26+MSCTCS group 
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Figure 5.6 Siglec-G expression was significantly lower on both M1 and M2 macrophages 
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sialylation 

Figure 5.7 Stromal cells significantly suppressed the overall CD49b+ NK cell frequency 

and the frequency of cytokine secreting CD49b+ NK cells in the tumour in a sialylation 

independent manner. The sialylation profile of stromal cells in the tumour influenced 

the frequency of CD11b-CD27- immature NK cells in the DLN 

Figure 5.8 Stromal cells significantly suppressed the expression of siglec-G on immature, 

cytotoxic and cytokine secreting NK cell subsets in the tumour, DLNs and spleens in a 

sialylation dependent manner. Stromal cells significantly suppressed the expression of 
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1.1 /h[hw9/¢![ /!b/9w 

While there have been significant advances in the field of cancer research and patient 

therapies, colorectal cancer (CRC) still remains the third most common cause of cancer-

related death in both men and women worldwide, with around 800,000 deaths per year 

[1]. This incidence rate is only expected to increase, with a projected increase from ~1.4 

million in 2012 to ~2.4 million in 2035 [2, 3]. This increase in the colorectal cancer 

incidence rate is in part due to improved screening and early detection, but it is also 

associated with an increased sedentary lifestyle, obesity, and a western diet which can 

lead to chronic intestinal inflammation and eventually cancer [4-6]. Early diagnosis via 

blood screening and colonoscopy can be lifesaving, with the survival rate of stage I colon 

cancer being about 92% with surgery alone [7]. This five-year survival rate steadily 

declines as stages progress, with only a 12% survival rate for patients suffering from 

metastatic or stage IV disease [7]. Unfortunately, with the emergence of the Covid-19 

pandemic, all hospitals were required to cancel all non-essential procedures and 

appointments, redirecting resources towards the fight against coronavirus [8, 9]. This 

resulted in many cancer screening services being postponed, and many people delayed 

contacting their health care providers about their health concerns [9, 10]. As a result 

there was a decrease in colorectal cancer screening, which is expected to significantly 

impact patient early-stage diagnosis [10]. This delay in diagnosis will result in many 

patients developing later-stage tumours, which present both worse prognosis and 

overall survival rates [10, 11]. Recent research has also found that colorectal cancer is 

developing in younger patients (<50 years) than in previous years, believed to be due to, 

in part, an increased sedentary lifestyle [12].  Considering this information collectively, 

the increased sedentary lifestyle, diagnosis at an earlier age, and the delay in diagnosis, 

CRC is likely to be a significant healthcare burden in the future and therefore, the 

development of new therapeutics is critical for efficient and effective treatment of 

patients.  

Colorectal cancer occurs in the large intestine (colon) and the rectum.  Approximately 

60-70% of colorectal cancers occur when there is dysregulated cell proliferation in the 
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epithelium of the intestine leading to the development of adenoma polyps, the 

remaining 30-40% develop from sessile serrated polyps (SPPs) [13-15]. Polyps have the 

potential to develop into malignant carcinomas if left untreated or are not surgically 

removed [16]. Adenomas and SSPs which progress beyond polyps into cancerous 

tumours are ΨǎǘŀƎŜŘΩ ŎƭƛƴƛŎŀƭƭȅ ǘƻ ŘŜǘŜǊƳƛƴŜ ǎƛȊŜΣ ƭƻŎŀǘƛƻƴ ŀƴŘ ǎǇǊŜŀŘ, as detailed in table 

1.1 and figure 1.1  [16]. The staging process is essential as it determines the best course 

of treatment for individual patients [16, 17]. TƘŜ Ψ¢baΩ ǎȅǎǘŜƳ is the only clinically 

approved method used to grade Tumour size, whether or not it has spread to local 

lymph Nodes and finally if the tumour has Metastasized [17-19]. This system informs 

the stage the tumour has reached and identifies optimal treatment options.  

Table 1.1: Stages and treatment options for colorectal cancer  
Stage Description Treatment 

0 Tumour located in the mucosa of the colon or 

rectum 

Polypectomy 

I Tumour has breached the mucosa and invaded 

the submucosa  

Polypectomy or partial colectomy 

II A Tumour has spread to the outermost layers of the 

colon or rectum 

Partial colectomy, possible chemotherapy 

(FOLFOX or CapeOx) for high-risk patients 

II B Tumour has breached the wall of the colon or 

rectum but has not invaded other organs 

Partial colectomy, possible chemotherapy 

(FOLFOX or CapeOx) for high-risk patients 

III A Tumour has grown in the submucosa and has 

spread to 3-6 lymph nodes 

Partial colectomy and removal of nearby 

lymph nodes, FOLFOX or CapeOx 

chemotherapy, Radiation therapy  

III B Tumour has spread to the muscularis propria of 

the colon or rectum and spread to 7+ lymph nodes 

Partial colectomy and removal of nearby 

lymph nodes, FOLFOX or CapeOx 

chemotherapy, Radiation therapy 

III C Tumour has breached the colon or rectum and 

attached to or invaded nearby organs or tissue. It 

has spread to at least one nearby lymph nodes 

Partial colectomy and removal of nearby 

lymph nodes, FOLFOX or CapeOx 

chemotherapy, Radiation therapy 

IV  Tumour may or may not have breached the wall 

of the colon or rectum, or have spread to local 

lymph nodes but has metastasized to distal organs 

Surgical removal of local and metastatic 

tumours if possible. Chemotherapy and/or 

targeted therapies FOLFOX, FOLFIRI, 

FOLFIRINOX, Irinotecan, Avastin, Erbitux, 
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Vectibix, Zaltrap, Stivarga, Lonsurf, Cyramza, 

Keytruda, Opdivo 

 

 

Figure 1.1 The development of benign polyps into malignant adenocarcinomas 
Graphic display of the development of colorectal cancer from benign polyps in the colon. Image 
generated using Biorender. 

 

1.1.1 COLORECTAL CANCER TREATMENT OPTIONS 

For early-stage and localised tumours, surgery is an effective therapeutic option [20]. 

Surgeries may involve removing small polyps or a part of your colon (a partial 

colectomy), this approach is highly effective and can completely remove a tumour [20]. 

Unfortunately, in advanced and metastatic cancer, surgery may not be a viable option 

and might only be used to treat symptoms rather than to remove the tumour or 

cancerous tissue [20]. Chemotherapy is an alternative approach for advanced-stage 

cancer therapy [21]. Chemotherapeutic drugs can be an effective treatment regimen, as 

they target rapidly proliferating cells, shrinking the tumour enough to allow for surgical 

intervention [21, 22]. 5-Fluorouracil (5-FU) is the most common chemotherapeutic 

choice for the treatment of early-stage colorectal cancer and the first-line option for 

metastatic CRC when given in combination with irinotecan (FOLFIRI) or oxaliplatin 

(FOLFOX) [23, 24]. While 5-FU treatment can increase patient survival by approximately 
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20 months, the overall response rate for 5-FU alone is only 10-15%, with an increase to 

40-50% when given in combination with irinotecan or oxaliplatin [23, 25-27]. As many 

patients exhibit innate or developed resistance, and considering the associated severe 

off-target toxicity, new strategies for treatment are required [28-30].  

There has been a push to develop more targeted therapies, which do not negatively 

impact the ǇŀǘƛŜƴǘΩǎ quality of life.  The targeted therapies, anti-endothelial growth 

factor receptor (anti-EGFR) and anti-vascular endothelial growth factor (anti-

VEGF/VEGFR) drugs, such as cetuximab and bevacizumab have been approved by the 

FDA and shown great success in the clinic, increasing overall survival and quality of life 

[31]. EGFR is overexpressed in 25-77% of CRC patients and is involved in the initiation of 

proliferation and cancer progression [32, 33]. The anti-EGFR drug, cetuximab, is 

approved as a first-line treatment for CRC, prolonging overall survival by 7 months [34, 

35]. However, only a small percentage of the population respond to anti-EGFR 

treatment, and as well as that, around 80% of initial responders develop treatment 

resistance, leaving a lot to be desired  [36-39]. Elevated VEGF expression is associated 

with poor clinical outcome and increased angiogenesis in CRC [40]. Interestingly, while 

bevacizumab, an anti-VEGF therapy, has shown increased overall survival in some 

patients, resistance to this therapy has been seen in colorectal, breast, melanoma, and 

prostate cancer [41, 42]. The inherent resistance to anti-EGFR and anti-VEGF targeted 

therapies is a major issue, limiting the success of these therapies. In order to improve 

patient survival and treatment options, the development of more specific and effective 

therapies is required.  

More recent advances in cancer treatment include the development of 

immunotherapies. Immunotherapies prime the immune system to recognise and kill 

cancer cells, reducing adverse effects significantly, and are a commonly used treatment 

regimen for advanced-stage colorectal cancer patients [43, 44]. Two types of checkpoint 

inhibitors have been approved by the FDA, anti-cytotoxic T lymphocyte antigen 4 

(CTLA4)(ipilimumab) and anti-programmed cell death protein 1 (PD-1)(nivolumab and 

pembrolizumab), for the treatment of solid, advanced microsatellite instable tumours 

[45, 46]. The binding of CTLA4 on T cells by CD80 or CD86 results in diminished T cell 
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activation and anti-CTLA4 therapies aim to restore T cell activation, promoting T cell 

tumour cytotoxicity [47]. PD-1 engagement on T cells results in the inhibition of T cell 

proliferation and eventual exhaustion, the use of anti-PD-1 therapies aims to reverse T 

cell anergy, restoring their cytotoxic effects [48]. Unfortunately, only a small percentage 

of patients, 6-17%, respond positively to these approved immunotherapies [49]. 

Patients who do respond display high mutational burdens with elevated levels of 

microsatellite instability (MSI) [50-52]. Patients displaying microsatellite stability (MSS) 

have an innate resistance to these immunotherapies, which is not fully understood [50-

52]. Approximately 80-85% of CRC patients are classified as MSS and novel therapeutic 

strategies are required if we are to provide viable treatment options for these patients, 

as described in table 1.2. 

Table 1.2: Ongoing clinical trials for immunotherapy approaches in colorectal cancer (Adapted 
from [53]) 

Therapy approach Strategy Trial details 

Nivolumab and 

Ipilimumab 

PD-1 and CTLA-4 

inhibitors 

NCT04730544 ς Phase II 

For mismatch repair deficient (dMMR) 

and/or MSI mCRC with high immune 

infiltrate 

Camrelizumab and 

Apatinib 

PD-L1 and VEGF 

inhibitors 

NCT04715633 ς Phase II 

Advanced dMMR/MSI CRC 

Cetuximab-

Avelumab 

PD-1 and EGFR 

inhibitors 

NCT04561336 ς Phase II 

Metastatic CRC 

Toripalimab +/- 

Celecoxib 

PD-1 and COX 

inhibitors 

NCT03926338 ς Phase I and II 

dMMR/MSI CRC 

LOAd703 Oncolytic 

adenovirus 

NCT03225989 ς Phase I and II 

All CRC types incl. MSS 

TBio-6517 and 

Pembrolizumab 

Oncolytic virus and 

PD-1 inhibitor 

NCT04301011 ς Phase I and II 

All CRC types 

mDC3 vaccine Activate DCs and T 

cells 

NCT03730948 ς Phase I 

CRC with high immune infiltrate 
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NA DC vaccine and 

Nivolumab 

Activate DCs and 

PD-1 inhibitor  

NCT04912765 ς Phase II and III 

All CRC types 

ʰt5-1-MSLN-CAR-T 

cells 

Increase targeted T 

cells 

NCT04503980 ς Early phase I 

pMMR/CMS2/CMS3, low immune 

infiltrate tumours 

Ipilimumab and 

Nivolumab, followed 

by surgery  

Enhanced T cell 

infiltrate and 

function 

NL58483.031.16 ς NICHE-2 Trial 

Major pathological response seen in 

102/107 patients (95%) dMMR 

 

1.1.2 CONSENSUS MOLECULAR SUBTYPING 

Numerous studies have now highlighted that the tumour microenvironment (TME ς a 

tumours immune landscape and stromal compartments) of colorectal cancer can 

substantially influence clinical outcome and patient survival [54, 55]. 

The consensus molecular subtyping (CMS) of colorectal cancer, is a gene expression-

based classification system, which is used regularly in a research environment but is not 

currently clinically applied [56]. This comprehensive stratification includes analysis of 

gene expression, patient outcome and survival, specific mutations, and non-cancerous 

cells, such as immune and stromal, present in the tumour microenvironment, as is 

detailed in figure 1.2 [56].  

Using the CMS sub-classification system, detailed in figure 1.2, tumours can be classified 

as one of four different molecular subtypes, which have prognostic implications based 

on the subtype [57, 58]. CMS1 (MSI immune) tumours account for about 14% of cases, 

are highly mutated, have high immune cell infiltration and activation and have the most 

positive overall survival outcome [57, 58]. CMS2 (canonical) tumours display high 

chromosomal instability, displaying WNT and MYC activation and epithelial 

differentiation [57, 58]. CMS3 (metabolic) profiles are similar to CMS2, with metabolic 

deregulation and epithelial differentiation [57, 58]. CMS4 tumours (mesenchymal) have 

the worst patient prognosis and overall survival [57, 58]. 
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Figure 1.2 The Colorectal cancer consensus molecular subtypes 
Colorectal cancer tumours can be classified into four subtypes based on transcriptional profiling. 
CMS1 is defined as MSI, with a high immune infiltrate and a positive prognosis. CMS2 and CMS3 
are defined by their metabolic dysregulation and KRAS mutations, as well as displaying a low 
immune infiltrate. CMS4 are characterized by elevated EMT, a mesenchymal dense tumour, a 
high immune infiltrate, and poor prognosis. Taken from Fessler and Medema [59] 
 

The CMS4 subtype has a high stromal cell density, epithelial to mesenchymal 

transformation,  elevated TGF-  ̡signalling, increased angiogenesis and high immune cell 

infiltration, with immune cells being skewed towards a more pro-tumorigenic 

phenotype (Figure 1.2) [58]. Despite having a high immune cell infiltration, this 

molecular subtype has the worst prognosis. This is thought to relate to the presence of 

high stromal cell infiltration and highlights the need to better understand the stromal 

tumour microenvironment and how it regulates and dictates immune cell infiltration 

activation and effector functions.  While CMS subtyping is not currently used clinically, 

it has been found that CMS subtyping can have prognostic potential and could inform 

treatment regimens  [60].  

Tumours with a CMS4 profile have been shown to have a poor prognosis, with only a 

62% 5-year survival rate and 60% relapse-free survival [56]. The CMS4 subtype is 

characterized by a highly stromal environment, with stromal dense tumours having the 
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worst clinical outcome [61, 62]. Studies investigating the tumour-stroma ratio as a 

potential prognostic factor found that patients with stromal dense tumours had a worse 

overall survival rate (69%) compared to stromal low patients (77.3%) [61]. It is vital that 

we continue to expand our knowledge on the role of the stromal compartment in the 

tumour microenvironment in order to design better, more targeted therapies, 

improving ǇŀǘƛŜƴǘǎΩ overall survival and quality of life. 

1.2 ¢I9 {¢wha![ /hat!w¢a9b¢  

The stromal compartment of a tumour is composed of myofibroblasts, endothelial cells, 

inflammatory cells, myeloid cells, mesenchymal stromal cells and cancer-associated 

fibroblasts (CAFs), and it plays a key role in tumour progression [63]. In healthy organs 

these cells are involved in tissue maintenance and repair, however, ǘƘƛǎ ΨǿƻǳƴŘ ƘŜŀƭƛƴƎΩ 

response is counterintuitive in cancer [64]. These stromal cells can promote 

angiogenesis, immunosuppression, metastasis, ECM remodelling and tumourigenesis, 

through a variety of mechanisms. These mechanisms include the upregulation of cell 

surface ligands, such as PD-L1 [65] ŀƴŘ ʰммʲм [66], and the secretion of chemokines and 

cytokines such as IL-6 [67]. The predominant cell type found in the tumour stroma is 

cancer-associated fibroblasts or CAFs. 

1.2.1 CANCER ASSOCIATED FIBROBLASTS 

CAFs are a heterogenous population of cells derived from a variety of cell types such as 

bone marrow-derived mesenchymal stem cells (BM-MSCs), resident and recruited 

fibroblasts and epithelial cells, as outlined in figure 1.3 [68]. Exposure of these cells to 

various cytokines within the TME drives their differentiation into tumour-promoting 

CAFs [69]. For example, studies have shown that the exposure of fibroblasts, endothelial 

cells, stellate cells, and pericytes, to elevated levels of TGF-ʲ ƛƴ ŎƻƭƻǊŜŎǘŀƭΣ ōƭŀŘŘŜǊ ŀƴŘ 

breast cancers drives their transition into the invasive CAF phenotype [70-74]. TGF- ,̡ as 

well as CXCL12, has also been implicated in the recruitment of BM-MSCs to the tumour 

site, and in their differentiation/activation into a CAF phenotype via the JAK/STAT3 

signalling pathway [75].  
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Figure 1.3 The various origins of cancer-associated fibroblasts  

CAFs can arise from a diverse range of sources such as recruited BM-MSCs and resident 
fibroblasts, accounting for some of the functional heterogeneity seen. Cancer cells can secrete 
a range of soluble factors such as TGF-ʲ ŀƴŘ t5DC ǿƘƛŎƘ ǇǊƻƳƻǘŜ ǘƘŜ ǊŜǇǊƻƎǊŀƳƳƛƴƎ ƻŦ 
fibroblasts towards the more tumour promoting CAF phenotype. Differentiation pathways 
towards CAF phenotype is identified by colour code. Taken from Louault et al [76]. 
 

CAFs express no known unique marker and are generally characterized as cells positive 

for -hSMA, FAP, FSP and PDGFR-ʰκʲ; negative for epithelial, endothelial and leukocyte 

markers; and as being elongated and plastic adherent [76-81]. This lack of defined 

markers, as well as their heterogeneity of origin, suggests distinct subpopulations of 

CAFs exist, which may differ in phenotype and function. Single-cell RNA-sequencing, 

scRNA-seq, examines cells at an individual level, allowing for the investigation of gene 

expression in single cells within a sample, rather than bulk analysis [82]. This provides 

researchers with a better understanding of the various subpopulations within a sample, 

of how individual cells interact with their environment, and allows for the identification 

of defined clusters of cells, categorized based on marker expression [82, 83]. This 

approach has proven useful in the identification of various CAF subpopulations and 
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functions. For example, Luo et al. identified a subpopulation of CAFs which have 

undergone endothelial-mesenchymal transition, termed CAFEndMT, and this 

subpopulation is associated with a worse prognosis in colorectal cancer patients [83]. 

Using scRNA-seq, Lambrects et al. detailed five subpopulations of CAFs within lung 

cancer, defined by specific ECM and collagen profiles [84]. In a study looking at PDAC 

CAFs four distinct subpopulations of CAFs were identified which corresponded with the 

populations identified by Lambrects [84, 85]. In melanoma, scRNA-seq has identified a 

ŦǳǊǘƘŜǊ ǘƘǊŜŜ ǎǳōǘȅǇŜǎ ƻŦ /!CǎΣ ŘŜǎŎǊƛōŜŘ ŀǎ ΨƛƳƳǳƴŜΩΣ ΨŎƻƴǘǊŀŎǘƛƭŜΩ ƻǊ ΨŘŜǎƳƻǇƭŀǎǘƛŎΩ, 

each displaying specific functional signatures, such as a potential for immune 

recruitment and ECM remodelling [83, 86]. Functionally and phenotypically, distinct CAF 

subpopulations have been identified in bladder, gastric, breast, pancreatic and 

colorectal cancer, with certain subtypes reoccurring in multiple cancers [87-95]. 

Therefore, a general consensus has arisen that CAFs can be separated into three distinct 

subpopulations; inflammatory, desmoplastic and antigen-presenting, as outlined in 

figure 1.4 [87-95]. Inflammatory CAFs, iCAFs, are associated with the most positive 

survival rate, and they secrete IL-6 which promotes a positive inflammatory immune 

response and express high levels of -hSMA [96]. Contractile or myofibroblastic CAFs, 

myCAFs, are linked to cell cycle regulation, cytoskeleton rearrangement, suppressed 

immune infiltrate and are associated with metastasis and poor survival rates [87, 97-99]. 

Antigen-presenting CAFs or apCAFs express elevated levels of MHC-II and CD74 and 

secrete PGE2 [100-103]. This subtype has been seen to activate both CD4+ and CD8+ T 

cells in the tumour, however, their expression of both Fas ligand and PD-L2 inhibits the 

cytotoxic function of CD8+ T cells [83, 100-102]. The roles of CAFs in the TME are diverse 

and scRNA-seq has only begun to shed light on the phenotypic differences in CAF 

subsets, not only between tumour types, but within an individual tumour. Whether 

these subtypes differ in their function and effect in the tumour, remains to be 

elucidated.  
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Figure 1.4 Schematic of the heterogeneous CAF subtypes found in the TME and their related 
functions. 
CAFs are derived from a range of precursor cells, such as BM-MSCs and resident fibroblasts. 
Three different CAF subpopulations, myCAF, iCAF, and apCAF, with a diverse range of functions 
have been identified through the analysis of multiple cancer types including breast and 
colorectal. Both apCAFs and iCAFs exhibit an immunosuppressive function and have been 
associated with resistance to immunotherapies. MyoCAFs are associated with ECM remodeling 
and metastasis. The phenotype of CAFs can be assessed using single cell RNA sequencing. Taken 
from Lavie et al [104] 
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1.2.2 THE FUNCTIONAL ROLES OF CAFS 

CAFs can be derived from a broad range of precursor cells, such as resident fibroblasts, 

adipocytes and recruited BM-MSCs, and this may contribute to their diverse range of 

functions which can contribute to tumour development [68]. CAFs are known to 

promote a pro-tumourigenic microenvironment, enhancing tumour proliferation, 

metastasis, chemoresistance, angiogenesis and immunosuppression, influencing almost 

every hallmark of cancer development, as highlighted in figure 1.5 [105-107]. Firstly, 

they can promote tumour growth and proliferation via the secretion of growth factors 

such as IL-6, IL-22, epiregulin, HGF and IGF, which directly induce tumour cell 

proliferation upon activation of their downstream signalling pathways [67, 108-110]. 

Another way CAFs contribute to tumour progression is by promoting chemoresistance.  

Apart from solely acting as a physical barrier, CAFs also secrete soluble factors which 

confer specific chemoresistance [111]. The secretion of MMP-1 by CAFs in head and 

neck squamous cell carcinoma protected cells from cetuximab treatment [111]. In 

prostate cancer, CAFs overexpress BCL-XL, an anti-apoptotic protein, which protected 

cells from sorafenib therapy [112]. Sun et al. found that IL-6 secretion by CAFs induced 

tamoxifen resistance in patients with breast cancer [113]. IL-6 activated the JAK-STAT3 

pathway which resulted in the upregulation of EMT as well as the degradation of the 

estrogen receptor alpha, resulting in reduced tamoxifen sensitivity  [113]. This study also 

found that this resistance was reversible and that the use of a protease inhibitor, 

MG132, restored tamoxifen sensitivity [113]. CAFs can also facilitate increased 

angiogenesis via the secretion of various angiogenic factors such as PDGF, CXCL-12 and 

VEGF [114, 115]. In hepatocellular cancer, the secretion of VEGF by CAFs promoted 

angiogenesis through the regulation of the EZH2/VASH1 pathway [116]. SDF-1 secretion 

by CAFs is also implicated in their promotion of angiogenesis [115, 116]. In pancreatic 

and breast cancer, CAF derived SDF-1/CXCL12 has been found to increase angiogenesis 

through the recruitment of endothelial progenitor cells, EPCs [114, 115]. In the TME, 

these EPCs can differentiate into tumour associated vasculature, promoting tumour 

growth and development [114]. 
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Figure 1.5 Schematic of the diverse range of functions identified in CAFs. 
CAFs can modulate the tumour microenvironment indirectly, through the release of soluble 
factors, and directly, through cell-cell contact. CAFs have been implicated in increased 
angiogenesis, ECM remodelling, metastasis, and immunosuppression. CAFs can inhibit both the 
innate and adaptive anti-tumour immune response through the secretion of cytokines and 
chemokines such as CXCL12, TGF-ʲΣ L[-6 and VEGF. CAFs may also produce metabolites such as 
IDO and adenosine which can recruit TAMs and Tregs to the TME. CAFs can express ligands such 
as FASL and PD-L1 which directly inhibit CD8+ T cells function. CAFs can also produce collagens, 
MMPs and fibronectin promoting ECM remodelling and therefore immune cell exclusion Taken 

from Liu et al. [117].   
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Finally, the metastatic potential of tumours is also highly influenced by CAFs in the TME. 

One method of enhanced metastasis is the secretion of matrix metalloproteinase (MMP) 

family members by CAFs [118-120]. CAFs exposed to TGF-ʲ ŀƴŘ ¢bC-ʰ ƛƴ ǘƘŜ ōǊŜŀǎǘ 

cancer TME secrete MMP-9, which actively degrades collagen and laminin, resulting in 

enhanced tumour invasion [121, 122]. CAFs may also secrete various cytokines, such as 

IL-32, which induce metastasis [123]. The secretion of IL-32 by CAFs in breast cancer 

ƳƻŘŜƭǎ ǇǊƻƳƻǘŜǎ ƛƴǾŀǎƛƻƴ ǘƘǊƻǳƎƘ ǘƘŜ ƛƴƛǘƛŀǘƛƻƴ ƻŦ ʲо-p38MAPK signaling in tumour 

cells, which results in reduced tumour cell adhesion and increased migration [123]. 

While it is clear that CAFs are involved in quite a few hallmarks of tumour development, 

which all contribute significantly to tumourigenesis, this thesis has focused on the role 

of CAF role in immunosuppression within the TME.  

 

1.2.3 STROMAL CELLS, CAFS AND IMMUNOSUPPRESSION 

There is growing evidence that CAFs play a significant role in immunosuppression in the 

tumour microenvironment, not only in acting as a physical barrier to prevent cytotoxic 

cells from entering the tumour but also in recruiting and polarizing immune cells 

towards a more tumour-promoting phenotype which enhances tumour growth and 

survival [124-126].  

Macrophages 

Macrophages are found in nearly every tissue in the body and are essential for a myriad 

of functions such as homeostasis, angiogenesis, and as the first line of defense against 

invading pathogens [127, 128]. Macrophages can influence the immune response via 

direct interaction, phagocytosis, the secretion of chemokines, cytokines and growth 

factors, as well as priming the adaptive immune response via antigen presentation [127, 

129]. Macrophages play an important role in homeostasis and can be polarized towards 

ΨaмΩ pro-ƛƴŦƭŀƳƳŀǘƻǊȅ ƻǊ ΨaнΩ ǿƻǳƴŘ ƘŜŀƭƛƴƎ ƛƳƳǳƴƻǎǳǇǇǊŜǎǎƛǾŜ ǇƘŜƴƻǘȅǇŜs based 

on their environment [129]. The polarization of macrophages exists as a spectrum and 

is described in figure 1.6 [129]Φ ΨaмΩ ƳŀŎǊƻǇƘŀƎŜǎ ŀǊŜ ŀŎǘƛǾŀǘŜŘ ōȅ [t{ ŀƴŘ LFN- ,ɹ and 
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act as cytotoxic pro-inflammatory anti-tumorigenic macrophages, secreting the 

cytokines IL-6, IL-12, IL-23 and TNF- ,h and are characterized by the markers MHC-II, 

CD68, iNOS, CD80 and CD86 [129, 130]. ΨaнΩ macrophages display an 

immunosuppressive, tumour-promoting phenotype [129, 130]. They are distinguished 

by the markers CD163, CD206 and Arg-1 and secrete the cytokines IL-10 and TGF-ʲ  [129, 

130]. 

 

 
Figure 1.6 Schematic of the polarization spectrum of macrophages. 
aŀŎǊƻǇƘŀƎŜ ǇƘŜƴƻǘȅǇŜǎ Řƻ ƴƻǘ ǊŜǎƛŘŜ ŀǘ ǘƘŜ ŜȄǘǊŜƳŜǎ ƻŦ ΨaмΩ ƻǊ ΨaнΩ ōǳǘ ǊŀǘƘŜǊ ŀǎ ŀ ǎǇŜŎǘǊǳƳΦ 
Macrophage polarization depends on the stimuli present in their local environment and they 
modulate their receptor expression and cytokine secretion in response to the appropriate 
stimuli. LPS and IFN-ʴ ŀŎǘƛǾŀǘƛƻƴ ƭŜŀŘǎ ǘƻ ǘƘŜ ƎŜƴŜǊŀǘƛƻƴ ƻŦ ǘƘŜ ŎƭŀǎǎƛŎŀƭ a1 phenotype, which 
display an anti-tumour and pro-inflammatory phenotype. M2a activation occurs in the presence 
of IL-4/IL-13 and is associated with allergies and parasite killing. M2b macrophages promote 
immunoregulations and M2c macrophages are involved in immunoregulation and tissue repair. 
Taken from Chambers et al [131]. 
 
 

Macrophages, mostly exhibiting the ΨaнΩ-tumour promoting phenotype, are a major 

component of the TME; with up to 50% of a tumour being composed of macrophages 

[132, 133]. ΨaнΩ ƳŀŎǊƻǇƘŀƎŜǎ ŀƴŘ ŀ ǎƳŀƭƭ ǇŜǊŎŜƴǘage ƻŦ ΨaмΩ ƳŀŎǊƻǇƘŀƎŜǎΣ ǿƘƛŎƘ ŀǊŜ 

ŦƻǳƴŘ ƛƴ ǘƘŜ ¢a9 ŀǊŜ ǘŜǊƳŜŘ ΨǘǳƳƻǳǊ ŀǎǎƻŎƛŀǘŜŘ ƳŀŎǊƻǇƘŀƎŜǎΩΣ ƻǊ Ψ¢!aǎΩ [134, 135]. 

TAMs present in the TME may originate from resident tissue macrophages or circulating 

monocytes [136, 137]. Monocytes are recruited to the tumour in response to CCL2-
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CCR2, M-CSF and IL-6, and become skewed towards a more the tumour promoting Ψ¢!aΩ 

phenotype [138-144]. TAMs are associated with poor prognosis, worse survival, and 

metastasis in nearly all cancer types, including breast, colorectal and gastric cancer [145-

149]. They can promote tumour progression via the secretion of growth factors, the 

stimulation of angiogenesis, remodelling the ECM, and the suppression of further 

immune cell activation [145-149].   

There is growing evidence which suggests that CAFs influence the anti-tumour functions 

of macrophages in the TME [150-152]. The co-localization ƻŦ /!C ƳŀǊƪŜǊǎΣ ʰ-SMA and 

FAP, with the macrophage markers, CD163 and CD209 are associated with worse clinical 

outcomes and therapeutic resistance [153-156].  Several molecules secreted by CAFs are 

involved in monocyte recruitment and macrophage differentiation [157-162]. In 

prostate cancer, CAFs secrete high levels of CXCL12 and CXCL14, promoting the 

recruitment of circulating monocytes and their differentiation into the 

immunomodulatory TAM phenotype [163, 164]. Other CAF-secreted cytokines and 

inflammatory molecules, such as CXCL16, MXP-1, IL-6 and IL-8, have also been 

implicated in monocyte recruitment and polarization [157-162]. A recent study in 

pancreatic cancer has found that CAFs can transfer a specific micro RNA (miRNA-320a) 

to macrophages via exosomes, this miRNA-230a overexpression led to M2 polarization, 

facilitating tumour cell proliferation and invasion [165]. This study also confirmed that 

miRNA320-a induced the M2/TAM phenotype in macrophages through the regulation 

ƻŦ ǘƘŜ t¢9bκtLоYʴ signalling pathway, opening up potential novel targeting avenues 

[165]. While this data is promising, further research into inhibiting TAM-CAF interactions 

is required to advance this field. For example, the use of IL-6 blockade has been shown 

to synergistically enhance the effects of PD-L1 blockade in murine models of lung 

squamous carcinoma, reducing TAM infiltration and inhibiting tumour growth [166]. 

This suggests that blocking IL-6 in stromal dense tumours could potentially enhance the 

anti-tumour response. 
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Natural Killer cells 

Natural killer (NK) cells are innate lymphocytes with the innate ability to perform 

cytotoxic functions without prior sensitization [167, 168]. NK cells express both 

inhibitory receptors such as KIRs, NKG2a and CD94 and activation receptors such as 

NKG2D, CD16 and DNAM-1 [168, 169]. Inhibitory receptors recognise and bind to self-

markers, such as MHC-I, which then switch off the NK cells, inhibiting an immune 

response, as outlined in figure 1.7 [170, 171]. Activation markers, such as CD16, 

recognize stress-induced molecules and respond by initiating antigen-dependent 

cellular cytotoxicity (ADCC) [172]. ADCC is an immune cell function whereby CŎʴ 

receptors on NK cells recognize and bind the Fc portion of antigen-bound antibodies 

[173]Φ hƴŎŜ ǘƘŜ CŎʴ ǊŜŎŜǇǘƻǊǎ ŀǊŜ ōƻǳƴŘΣ ŀ ŘƻǿƴǎǘǊŜŀƳ signalling cascade occurs which 

results in the release of TNF-ʰΣ ƎǊŀƴȊȅƳŜ .Σ ǇŜǊŦƻǊƛƴ ŀƴŘ LCb-ʴ [169, 171, 173]. This 

constitutive expression of receptors and rapid release of cytolytic granules allows them 

to recognize and lyse tumour and/or infected cells before they can establish and 

progress as a disease.  

 

Figure 1.7 Diagram of NK cell activation in (A) healthy cells and (B) target cells 
Healthy cells express MHC-I which binds to inhibitory receptors expressed on NK cells, inhibiting 
NK cell cytotoxic function. Malignant and pathogenic cells have low to no expression of MHC-I, 
therefore there is reduced binding to inhibitory receptors on NK cells and, as such, NK cells 
become active and perform their cytotoxic function via cytotoxic granule release. Image taken 
from Shankar et al [174]. 
 

Solid-tumour patients presenting with high levels of NK cell infiltration experience 

increased overall survival, which correlates positively with T cell infiltration [175-178]. 

In colorectal cancer there is very little infiltration of NK cells in tumour tissue, with a 
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reduction in presence as the tumour stage progresses [179, 180]. Tumour-infiltrating NK 

cells express significantly less activation markers, such as CD16 and DNAM-1, compared 

to autologous circulating NK cells, as well as a reduction in ability to secrete IFN-ʴ [181].  

CAFs are known to significantly suppress NK infiltration and activation [182]. TGF-ʲ 

secretion by CAFs results in suppressed NK ADCC and cytokine release [183, 184]. CAFs 

also secrete high levels of IDO and PGE2 which can significantly inhibit NK activation, 

reducing activating receptor, NKG2D, NKp46 and DNAM-1 expression, and inducing 

dysregulated secretion of TNF-ʰΣ ƎǊŀƴȊȅƳŜ . ŀƴŘ ǇŜǊŦƻǊƛƴ [185-187]. CAFs can also 

downregulate their expression of PVR, the ligand for the activating receptor DNAM-1, 

resulting in further suppression of NK activity [188]. Despite the impact of CAFs on NK 

dysfunction, they are often overlooked in research and in designing novel targeting 

therapeutics.  

Dendritic cells 

Dendritic cells (DCs) are antigen-presenting cells which link the innate and immune 

responses [189]. DCs identify and capture oncogenic neoantigens and present these 

antigens on MHC-I or MHC-II molecules to naïve CD4+ and CD8+ T cells [189]. This process 

primes and activates T cells against specific antigens and is a critical aspect of anti-

tumour immunity [189]. Dendritic cells also express co-stimulatory molecules, such as 

CD80/CD86 and secrete various cytokines, such as IL-2, which further enhance the 

cytotoxic T cell response [189]. Research by Cheng et al. has found that CAFs can 

suppress DCs immune-stimulatory function, which drives a subsequent reduction in CTL 

function [190]. They found that in hepatocellular carcinoma CAFs modulate the 

maturation of DCs towards a more regulatory phenotype [190]. These regulatory DCs 

are characterized by a lower expression of co-stimulatory molecules, increased 

immunosuppressive cytokine production, increased ability to suppress T cell 

proliferation and enhanced Treg generation [190]. This study found that CAFs could 

mediate these effects through their secretion of IL-6 and IDO, which activated the STAT3 

pathway in DCs [190]. The use of IDO inhibitors, and IL-6 and STAT3 blocking antibodies 

were able to reverse these effects [190]. Recent research by Huang et has described that 
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the secretion of WNT2 by CAFs can inhibit DC maturation and anti-tumour immunity 

[191]. This research found that the use of anti-WNT2 monoclonal antibodies (mABs) 

could significantly restore anti-tumour CD8+ T cell response, resulting in inhibited 

tumour progression [191]. They also showed that the use of anti-WNT2 mABs was able 

to enhance the effect of anti-PD-1 therapies by promoting the active population of DCs 

in both mouse CRC and oral squamous cell carcinoma [191]. These findings advance our 

understanding of how CAFs can regulate their immunosuppressive properties by 

modulating the functions of DCs in the TME. Understanding how CAFs promote a pro-

tumour environment may aid us in the design and development of novel 

immunotherapies which can overcome immunosuppressive mechanisms.  

T cells 

T cells are key players in the adaptive immune response and are broadly categorized as 

CD4+ helper T cells or CD8+ cytotoxic T cells [192]. T cells circulate the body in a naïve 

state until they recognise an antigen presented by APCs, such as macrophages and 

dendritic cells. The T cell receptor, TCR, binds to the antigen which is presented by MHC-

I/-II, forming a complex. The CD4/CD8 molecule on T cells then binds to this complex 

completing the first signalling circuit involved in T cell activation [193]. The T cells then 

require a secondary signal, such as the binding of CD28 by the ligands CD80/CD86, and 

a third final signal in the form of cytokine release from APCs, for activation to occur 

[193].  This process is described in figure 1.8. 

Once stimulated, CD4+ and CD8+ T cells can initiate their effector functions [192]. CD4+ 

T cells can secrete both inflammatory (IFN-ʴύ ƻǊ ǊŜƎǳƭŀǘƻǊȅ όL[-6, IL-10, TGF-ʲύ cytokines 

depending on the stimulus and their environment [194-196]. CD4+ T cells play a critical 

role in promoting the anti-tumour CD8+ response. For example, the secretion of IL-21 by 

CD4+ T cells stimulates the differentiation of CD8+ T cells into the CXCR1+CD8+ cytotoxic 

phenotype, which enhanced the anti-tumour effect in murine melanoma models [197]. 

CD4+ T cells can also act directly on tumour cells, with TH1 CD4+ T cells found to secrete 

both IFN-ʴ ŀƴŘ ¢bC-ʰΣ ǿƘƛŎƘ ǊŜǎǳlts in tumour destruction [198, 199]. The presence of 

CD4+ T cells in the tumour can also be a positive prognostic factor, for instance, the 
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presence of CD4+CD69+ T cells has been correlated with prolonged survival and reduced 

metastasis in head and neck squamous carcinoma [200].  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8 Diagram of T cell activation. 
For T cell activation to occur, naïve T cells receive three signals from an antigen-presenting cell, 
such as a dendritic cell.  
1. First CD3 and CD4/CD8 bind the peptide antigen complex, MHC-I/-II.  
2. Co-stimulation occurs via the binding of co-stimulatory receptors such as CD28.  
3. Finally the T cell receives a cytokine signal from the APC. 
Image generated with Biorender 

 

However, CD4+ T cells can also be a negative prognostic factor in tumour development. 

The infiltration of FoxP3+CD4+ regulatory T cells, Tregs, in tumours is associated with 

increased immunosuppression, poor prognosis, reduced overall survival and the 

suppression of CD8+ cytolytic activity [195, 196]. While it is clear that CD4+ T cells have 

strong anti-tumour properties, their mechanisms are not fully understood, and research 

has focused on the role of CD8+ T cells in the tumour and enhancing their cytotoxic 

potential.  
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Cytotoxic CD8+ T cells (CTLs) become activated through the recognition of antigens 

presented by the MHC-I molecule [201]. CTLs can employ several mechanisms by which 

they can efficiently target and kill target cells [202]. Activated CTLs secrete high levels of 

the pro-inflammatory cytokines IFN-ʴ ŀƴŘ ¢bC-ʰΣ ǿƘƛŎƘ ƛƴŘƛǊŜŎǘƭȅ ƪƛƭƭǎ ǘŀǊƎŜǘ ŎŜƭƭǎ [202-

206]. TNF-ʰ ƛƴŘǳŎŜǎ ŀǇƻǇǘƻǎƛǎ ƛƴ ǘŀǊƎŜǘ ŎŜƭƭs through the binding of its receptor, TNFR, 

and downstream caspase activation [204, 207]. IFN-ʴ ƛƴŘƛǊŜŎǘƭȅ ƛƴŘǳŎŜǎ ǘǳƳƻǳǊ 

cytotoxicity through; ǘƘŜ ǇƻƭŀǊƛȊŀǘƛƻƴ ƻŦ ƳŀŎǊƻǇƘŀƎŜǎ ƛƴǘƻ ŀ ƳƻǊŜ ΨaмΩ ǇǊƻ-

tumourigenic phenotype; the promotion of MHC-I expression on cancer cells, enhancing 

their immunogenicity; and the suppression of angiogenesis [208-210]. CTLs also directly 

induce cell death via death receptor signalling; the binding of FASL on CTLs to FAS on 

tumour cells results in the induction of apoptosis through the generation of the death 

inducing signalling complex (DISC) and the initiation of the downstream caspase cascade 

[202, 211, 212]. Another major function of CTLs is the release of cytotoxic granules, such 

as perforin and various granzymes [212]. These granules work collectively to kill target 

cells effectively and rapidly. Perforin forms pores in the membrane of the target cells, 

which allows the granzymes to infiltrate and cleave essential proteins in the target cell, 

resulting in apoptosis [213]. CD8+ T cells express inhibitory receptors, such as PD-1 and 

Tim3, in order to control overactivation and self-tolerance states, and once they have 

cleared pathogens or malignant cells, they either undergo apoptosis themselves, or may 

differentiate into memory CD8+ T cells to fight future infections [214]. The infiltration of 

cytotoxic CD8+ T cells into tumours is linked with positive prognosis in many cancers 

including colorectal, breast, melanoma, gastric, pancreatic, ovarian and lung [215-221]. 

The assessment of T cell infiltration in a tumour is now being considered as a potential 

prognostic factor in a clinical setting for colorectal cancer, with the advent of the 

ΨIƳƳǳƴƻǎŎƻǊŜϯΩ [222].  The Immunoscore® method quantifies the presence of CD3+ and 

CD8+ T cells in the centre of the tumour and at its invasive margin [222]. The scoring 

system ranges from 0 (I0 - low immune density) to 4 (I4 - high immune density), with a 

higher score being correlated with improved survival rates [223, 224]. This method has 

been found to have strong prognostic potential. One study found that patients with a 

score of I4 had a 5-year survival rate of 86.2%, whereas patients with an I0 score had a 
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27.5% 5-year survival rate [223]. Another study found that patients with a high 

Immunoscore had a recurrence rate of only 19%, while patients with low Immunoscores 

had a 32% recurrence rate [225]. These studies suggests that patients with a low score 

could have benefitted from adjuvant therapy, and that immune stratification of patients 

could predict which patients would benefit from immunotherapies if used clinically [223-

225].  

However, tumours can exploit mechanisms of immune cell tolerance and homeostasis 

in order to suppress CTL function and induce dysregulation, suppression and exhaustion 

[214, 219, 226]. Tumour cells can induce a dysregulated exhausted state in CD8+ T cells 

through persistent expression of neo-antigens and the upregulation of ligands such as 

PD-L1 which bind to the inhibitory receptors PD-1 on CD8+ T cells, inducing a suppressed 

immunological state [214, 226, 227]. Dysregulated CD8+ T cells have a reduced capacity 

to perform effector function, secretion of TNF-ʰΣ LCb-ʴ ŀƴŘ L[-2, and are characterised 

by increased expression of PD-1, CD69, LAG3 and Tim3, as well as suppressed 

proliferation [228, 229]. 

We, and others, have shown that CAFs and tumour-associated stromal cells also induce 

CD8+ T cell exhaustion and dysfunction [230, 231]. CAFs can act as a physical barrier 

against T cell tumour infiltration through ECM remodelling, creating a dense 

environment which T cells struggle to navigate [232, 233]. Studies have found that 

tumours with high densities of CAFs have reduced T cell tumour infiltration, with T cells 

restricted to the stromal compartment [234, 235]. CAFs secrete high levels of CXCL12, 

which not only promotes tumour growth but also acts as a chemoattractant to recruit 

CTLs towards the stroma in vitro [235-237]. The secretion of other cytokines, such as IL-

6 and TGF-ʲΣ also induces a more CD8+ suppressive environment [238, 239].  The release 

of IL-6 by CAFs drives STAT3 upregulation in dendritic cells, resulting in a reduced ability 

of these cells to activate CD8+ T cells [238]. TGF-ʲƛ ōƛƴŘǎ ǘƻ /5см ƻƴ ¢ ŎŜƭƭǎ ŀƴŘ ǊŜŘǳŎŜǎ 

TCR signalling ability and inhibits activation and cytotoxicity [239]. CAFs can also directly 

interact with T cells, upregulating immunomodulatory ligands such as FasL and PD-L1 

[102]. Work in our lab has shown that tumour-conditioned stromal cells have 

significantly higher levels of PD-L1 expression than controls, and that these PD-L1Hi 
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stromal cells were able to significantly suppress CD8+ T cell proliferation and granzyme 

secretion and induce significant tumour growth in vivo, with suppression being reversed 

upon PD-1 blockade [65].  

It is clear that stromal cells recruited to the tumour become pro-tumourigenic and in 

turn interact with other cells in the TME to further enhance immunosuppression and 

tumour progression. However, the exact mechanisms by which stromal cells induce 

immunosuppression is not fully elucidated and further research is required to 

understand these complex interactions.  

Aberrant post-translation modifications, including glycosylation, are a well-established 

contributor to tumour progression; and can be found in tumours of breast, colorectal, 

lung, liver, and pancreas [240-249]. Changes in glycosylation are associated with 

increased metastatic potential, angiogenesis and chemoresistance [250-253]. For 

example, the upregulation of the glycoprotein E-selectin in breast cancer is associated 

with increased lung metastasis and can be significantly inhibited through the use of an 

anti-E-selectin mAB [254]. The aberrant glycosylation of the vascular endothelial growth 

factor receptor, VEGFR, influences its interaction with galectins, resulting in increased 

tumour angiogenesis [255, 256]. Resistance to cisplatin, a chemotherapeutic drug, in 

non-small cell lung cancer is conferred by elevated N-glycosylation levels on lung  cancer 

cells [257].  Glycosylation is also known to play a significant part in immune surveillance, 

regulating the immune response and maintaining homeostasis [258-261]. There is an 

abundance of evidence suggesting that these interactions between tumour glycans and 

immune cells are enhanced in cancer, promoting an immunosuppressed TME [258-261]. 

Approximately 50% of cells within a body are glycosylated and it is unlikely that cancer 

cells are the only cells exhibiting dysregulated glycosylation in the TME [262]. 

Considering the immunosuppressive properties of CAFs, aberrant glycosylation may also 

contribute to their tumour-promoting properties. As the TME can drive an altered 

glycosylation profile in cancer cells through the secretion of cytokines and chemokines 

such as IL-6, these same stimuli may also drive changes in the glycosylation profile of 

CAFs [263]. However, the glycosylation profile of CAFs in the CRC TME has yet to be fully 
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elucidated. As CAFs are associated with a poor prognosis, it is important to expand our 

knowledge of the potential mechanisms by which they support the TME and use this 

knowledge to inform the development of new therapeutics.   

In this next section, the role of glycosylation in tumour development and 

immunosuppression will be detailed in depth. 

1.3 D[¸/h{¸[!¢Lhb 

Aberrant glycosylation has been known to play a role in the progression of cancer for 

the last six decades, contributing to chemoresistance, metastasis and 

immunosuppression [264]. However, it is only in recent years with the development of 

novel technology and reagents, as well as our increased understanding of glycobiology, 

that we are beginning to understand the importance of altered glycosylation in cancer 

progression [265]. Glycosylation is one of the most important post-translational 

modifications, and over half of all proteins are known to be glycosylated [266]. 

Glycosylation is defined as an enzymatic process which links glycan-sugars (mono or 

oligosaccharides) to other molecules, such as lipids or proteins, generating 

glycoconjugates, as shown in figure 1.9 [267]. Glycans are large, hydrophilic molecules 

whose addition alters the activity and size of the underlying proteins or lipids [268-270]. 

This enables the glycoproteins to become more soluble and stable, protecting the 

glycoconjugate from degradation [268-270]. This process is essential for many biological 

functions, such as the correct folding of proteins, intracellular signalling, cell-matrix 

interactions and cell-cell recognition, to name a few [271, 272].  
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Figure 1.9 Glycans attached to proteins and lipids add complexity which can alter function.  
The addition of various glycans to their conjugates can alter functions, such as activating or 
inhibiting receptors. The large range of possible glycan binding sites on proteins and lipids, the 
variety of glycans, and further post-translational modifications all influence the function of their 
conjugates. While the majority of ligands and receptors display N-glycosylation, some are O-
glycosylated with T antigen, Tn antigen or sialylTn antigen structures. Glycosylation can vary 
between sites, cell types and ligands/receptors, with cell-type specific regulatory functions. 
Image taken from Gao et al [273]. 
 

 

Glycosylation is a non-templated post-translational modification which occurs in the 

endoplasmic reticulum and Golgi apparatus as part of a complex system involving many 

glycosyltransferase enzymes, as outlined in figure 1.10 [274]. The two most common 

forms of glycosylation are O-linked and N-linked glycosylation. In O-linked glycosylation, 

glycans are added sequentially to the hydroxyl oxygen of serine/threonine residues on 

target proteins, which are elongated to produce several core and terminal structures 

which can be further modified via the addition of sialic acid, fructose, galactose, N- 

acetylgalactosamine or sulphates [275, 276]. O-linkage occurs in the Golgi apparatus 

only [275, 276]. In N-linked glycosylation, glycans are added specifically to the nitrogen 

atom on the side chain of asparagine [277]. N-linkage is initiated in the endoplasmic 

reticulum where the oligosaccharide precursor is generated and attached to the protein 
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or lipid, it is then transported to the Golgi apparatus for further modification [277]. 

Around 90% of all glycoproteins are N-glycosylated and, similar to O-glycans, they can 

be further modified by the addition of a number of substrates, including sialic acids 

[278]. 

 
 

 
 
Figure 1.10 Diagram of the endogenous glycosylation pathway 
Glycosylation is a complex and diverse post-translational modification whereby glycans are 
attached to proteins and lipids via a stepwise enzymatic process which occurs in the 
endoplasmic reticulum and Golgi apparatus. Glycotransferases, of which there are around 200, 
are enzymes which catalyse the formation of glycosidic linkages, attaching glycosyl donors to 
nucleophilic glycosyl acceptor molecules. Glycotransferases can be specific for the initiation of 
glycosylation or non-specific for the elongation, branching and capping of glycosylated ligands. 
The diversity of proteins and lipids, as well as the multitude of glycotransferases provides a wide 
range of glycoconjugates with functionally diverse properties. Beyond that glycosylated ligands 
can be further modified through processes such as fucosylation and sialylation. Taken from 
Hossler et al [279].  
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The numerous steps involved in the glycosylation process and the diversity of 

glycoconjugate functions mean that minor alterations in the process could have drastic 

effects, including the development and progression of disease [280]. For example, in 

colorectal cancer, cancer cells which express elevated levels of high mannose N-glycans 

have increased metastatic potential compared to normal colon mucosa [273, 281, 282]; 

in breast cancer, the O-glycosylation of the MUC-1 protein results in decreased drug 

density and efficacy [283]. Altered glycosylation has also been implicated in 

angiogenesis [284], sustained proliferation [285], inflammation [286] and 

immunosuppression [287], as highlighted in figure 1.11. 

 

Aberrant glycosylation has been observed in numerous cancer types including; breast 

[288]; ovarian [289]; lung [290]; pancreatic [248]; colorectal [291]. These changes, such 

as increased branching, altered terminal modifications, and truncation of O-glycans, can 

enable cancer cells with  tumour-promoting characteristics, such as chemoresistance 

and immune evasion, allowing the tumour to develop unhindered [280]. 

 

As glycosylation is a highly complex and robust biological process, with many important 

steps, an in-depth discussion of the process as a whole is beyond the scope of this 

particular thesis. As such, we shall focus here on one aspect of glycosylation which is 

particularly relevant to tumour initiation and progression, a process known as 

sialylation.  
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Figure 1.11 An overview of the multitude of glycosylation modifications which can influence 
tumour development. 
Cells may undergo aberrant glycosylation modifications which contribute to the progression of 
cancer. Dysregulated glycans and glycoproteins such as SLe and VEGFR2 are conclusively known 
to contribute to the many hallmarks of cancer. For example, the dysregulated glycosylation of 
VEGFR2 is associated with increased angiogenesis within the tumour. Aberrant glycosylation can 
impact hallmarks of cancer development such as immune escape and metastasis, making 
glycosylation an attractive target for potential therapies. Taken from Peixoto et al. [292].  
 
 
 
 



  

30 

 

1.4 {L![¸[!¢Lhb 

Sialylation is defined as the covalent attachment of sugar molecules, sialic acids, to the 

terminal end of glycoproteins or glycolipids (glycans) [293]. It is an evolutionary 

conserved, biologically important modification required for many processes such as 

healthy embryonic development, molecule stabilization, cell-cell interactions, 

neurodevelopment, and immune surveillance, as well as in pathological processes such 

as oncogenesis and host-pathogen interactions [293-296].  

Sialic acids, also termed N-acetylneuraminic acids (Neu5Ac), are a family of 9-carbon 

sugars [295]. Sialic acids are found attached to the ends of glycans via different alpha 

linkages at the C2 position, ( 2h,3, h 2,6 and h 2,8), figure 1.12, and can undergo further 

modifications such as methylation, acetylation and sulfation, which contributes to their 

diverse biological roles [296, 297]. 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

Figure 1.12 The various linkages of sialic acid. 
Sialic acid is attached to the end of N- and O-linked glycans via sialyltransferase action. There 
are approximately 20 known sialyltransferases which attach sialic acid to the terminal end of 
glycolipids or glycoproteins. Sialyltransferases transfer CMP-Neu5Ac (sialic acid) to Gal, GalNAc 
or Neu5Ac moieties of glycosylated chains. sialic acid can be attached to its glycans in various 
ƭƛƴŀƎŜǎΣ ǎǳŎƘ ŀǎ ʰнΣоΣ ʰнΣсΣ ʰнΣу ƭƛƴƪŀƎŜǎ ƻǊ ƛƴ ŎƻƳōƛƴŀǘƛƻƴǎ ƻŦ ǘƘŜǎŜ ƭƛƴƪŀƎŜǎΣ ǇǊƻŘǳŎing a wide 
variety of sialylated glycans. Taken from Wei et al. [298]. 
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So far, fifty variants of sialic acid have been identified, some of which are common 

between bacteria, vertebrates and invertebrates, others which are species-specific 

[299]. The generation of the most common sialic acid in mammals, also known as 

NeuNAc, occurs in the cytosol and involves a series of steps and enzymes, which are 

highlighted in figure 1.13, [300].  The first phase involves the conversion of UDP-N-

acetylglucosamine (UDP-GlcNAc) to N-acetylmannosamine (ManNAc), which is then 

phosphorylated to produce ManNAc 6-Phosphate (ManNAc-6P) [300]. ManNAc-6P is 

condensed with phosphoenolpyruvate to form NeuNAc-9P [300]. NeuNAc-9P is 

dephosphorylated, giving Neu5Ac, which is transferred to the nucleus, from the cytosol, 

and converted to the active form of sialic acid, CMP-Neu5Ac, via the action of cytosine 

triphosphate, CTP [300]. 

Sialic acids are then enzymatically added to glycoconjugates by sialyltransferases, which 

reside in the Golgi apparatus [300]. Sialyltransferases link sialic acids to ligands in an 

alpha-2,3 (ST3Gal-VI), alpha-2,6 (ST6Gal I, II and ST6GalNAc-I-VI) or alpha-2,8 (ST8sia I-

VI) linkage, capping their respective glycoconjugates  [300, 301]. 

 

Figure 1.13 Sialic acid synthesis. 
Sialic acid is generated via step wise enzymatic processes occurring both in the cytosol and the 
nucleus. UDP-GlcNAc becomes Neu5Ac, or sialic acid, through the actions of epimerase, 
synthase and phosphatases. Neu5Ac is activated to CMP-Neu5Ac which is then attached to 
glycans through the action of various sialyltransferases (ST3,6 or 8). Image generated with 
Biorender. 
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While the initial discovery of sialic acid occurred in 1936 progress in the field of 

sialyloglycobiology was slow, hampered by a lack of biological reagents and assays [302]. 

Understanding of sialic acid functions ƛƳǇǊƻǾŜŘ ŦǊƻƳ ǘƘŜ улΩǎ ƻƴǿŀǊŘǎΣ but it is only 

within the last 15 years that we have truly begun to understand the full scope of 

sialobiology, such as how sialic acid contributes to immunology, neuroscience, oncology 

and infectious diseases [303-305]. With the development of novel reagents, including 

antibodies, such as siglec-10/-7/-9, and lectins, SNA-I and MAL-II, we are now beginning 

to understand the intricacies of sialylation and its numerous functions.   

 

Sialic acid influences a number of important biological functions which are critical for 

the maintenance of homeostasis within the body [306-313].  The strong electronegative 

charge of sialic acid is responsible for molecule stabilization and enhancing mucin 

viscosity [306, 310]. Sialic acids are also involved in the masking of binding sites, such as 

is seen with CD22 on B cells [307, 314, 315]. CD22, also known as siglec-2, is an inhibitory 

receptor expressed on the surface of B cells [307, 314]. CD22 ǇǊŜŦŜǊŜƴǘƛŀƭƭȅ ōƛƴŘǎ ǘƻ ʰнΣс 

linked sialic acid and its binding site is often masked by cis interactions with this ligand, 

resulting in suppressed B cell activation [307, 314]. Sialic acids have also been implicated 

in the transportation of small ions, the modulation of transmembrane signalling, and 

immunomodulation [306-313].  

 

Sialic acids can be bound by sialic acidςbinding immunoglobulin-like lectins or siglec 

receptors, which play an important role in self-recognition and can be classified as self-

associated molecular patterns or SAMPs [316]. The binding of siglecs is essential for 

maintaining homeostasis, and inhibiting autoimmunity and siglecs are expressed by all 

immune cells [317]. Siglecs demonstrate a preference for certain sialic acid linkages over 

others. For instance, siglec-9 displays an equal preference for ligands expressing either 

ʰнΣо ƭƛƴƪŜŘ ƻǊ ʰнΣс ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘΣ ƘƻǿŜǾŜǊ, siglec-п ǇǊŜŦŜǊŜƴǘƛŀƭƭȅ ōƛƴŘǎ ǘƻ ʰнΣо ƭƛƴƪŜŘ 

sialic acid, and siglec-т ŦŀǾƻǳǊǎ ōǊŀƴŎƘŜŘ ʰнΣс ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘ, detailed in table 1.3 

[318-321]. Within the last four years there have been an increasing number of 

publications which demonstrate that non-immune cells can also express siglecs. Some 
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of these cells include Schwann cells (MAG), placenta (Siglec-6), cervical epithelium 

(siglec-11/-16), ovarian fibroblasts (siglec-11), female endometria (siglec-10), female 

mesotheila cells (siglec-9) and vaginal epithelium (siglec-15) [322-330]. These studies 

indicate that the expression of different siglec receptors in the female reproductive tract 

may actually play a role in ensuring sperm survival against the females immune response 

[327]. In Schwann cells, MAG acts to induce a signalling cascade which promotes the 

survival of myelinated axons [331, 332]. The broad range of siglecs, and their expression 

on both immune and non-immune cells, indicates that they are important modulators 

for the maintenance of immune homeostasis and normal function.  

 Some immune cells can express a wide range of siglecs, as seen with macrophages, 

however, other immune cells have a more restricted siglec expression, such as T cells 

[322]. Siglecs are type one membrane proteins and the majority consist of an N-terminal 

variable set domain, containing the sialic acid binding site, C-set immunoglobulin 

domains and the immunoreceptor tyrosine-based inhibitory motif (ITIM), similar to the 

PD-1 receptor [322, 333]. Once a siglec binds to its ligand, the ITIMs undergo 

phosphorylation by kinases, prompting the generation of docking sites for the tyrosine 

phosphatases SHP-1 and SHP-2 [322, 333]. Once SHP-1 or SHP-2 are bound, they 

dephosphorylate tyrosine-phosphorylated receptors, downregulating immune 

activating pathway signals and inhibiting an immune response [322, 334]. 

Some siglecs, such as siglecs-14, -15, and -16, contain a positively charged residue in the 

anchor region [334, 335]. This associates with immunoreceptor tyrosine-based 

activation motif (ITAM) containing DAP12, which can trigger both activating and 

suppressing pathways [334, 335]. Siglec-1, which contains neither an ITIM nor ITAM but 

rather a neutral transmembrane domain, lacks an inhibitory cytosolic signalling motif 

[334-336]. The different motifs of each siglec are shown in figure 1.14. 
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Figure 1.14 Structure and signalling profile of human and mouse siglecs. 
Siglecs are type 1 membrane proteins which contain either ITIM or ITAM domains which 
facilitate their downstream signalling processes. Siglecs contain an extracellular V-set domain 
which binds to sialic acid ligands. Beneath this, siglec receptors contain varying numbers of C2-
set domains. Siglec-1 nor siglec-4 contain a signalling domain, siglec-13 has been deleted in 
humans and siglec-12 no longer has the ability to bind sialic acid so is commonly designated as 
siglec-XII instead. Siglec-1, -2, -3 and -4 are conserved across mouse and human.  Diagram 
adapted from [322, 337]. 
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In humans, the Siglec family can be divided into two groups; those which are conserved 

across mammals, such as CD169, CD22, MAG and siglec-15, and the CD33-related siglecs 

including siglec-3 (CD33), siglec-5, siglec-6, siglec-7, siglec-8, siglec-9, Siglec-10, siglec-

11, siglec-14 and siglec-16 [338, 339]. Siglecs are expressed by a variety of immune cells 

as is highlighted in table 1.3. Mice also express the evolutionarily conserved siglecs, 

(CD169, CD22, MAG, Siglec-15), as well as the murine siglecs, siglec-E, -F, -G, and -H. 

Murine siglec-G is a true orthologue for siglec-10; siglec-E is the accepted orthologue for 

siglec-7/-9; and siglec-F is accepted for siglec-8; however, siglec-H has no confirmed 

equivalent orthologue [321, 340, 341]. This can undermine the translational potential of 

sialylation studies in mice; however, mouse studies are useful to determine whether 

targeting sialylation may be beneficial in a clinical context. 

 

Table 1.3: Siglec expression and sialic acid binding preferences  
 

Siglec Mouse 
Ortholog 

Expression Binding 
preference 

Functional 
consequences 

References 

Siglec-1 
(CD169) 

(sialoadhesin) 

Mouse 
Siglec-1 

Macrophages -h2,3 Sialic acid Phagocytosis [342, 343] 

Siglec-2 (CD22) Siglec-2 B cells -h2,6 Sialic acid B cell signalling [344, 345] 

Siglec-3 (CD33) mCD33 Macrophages, 
monocytes, 
microglia 

Also expressed 
to small degree 

on some 
lymphoid cells 

-h2,6 Sialic acid 
preferentially, 
-h2,3 Sialic acid 

Inhibition of 
immune function 

[346, 347] 

Siglec-4 (MAG) mMAG Glial cells -h2,3 Sialic acid Survival of 
myelinated   axons 

[348] 

Siglec-5 and 
Siglec-14 
(paired) 

 
Neutrophils, 

dendritic cells, 
monocytes, 

B cells, activated 
T cells 

-h2,6 Sialic acid 
-h2,3 Sialic acid 

Paired receptor 
with Siglec-14 

Suppress innate 
immune response.  

Inhibit T cell 
activation. 

[349-351] 

Siglec-6 
 

Trophoblasts 
B cells 

Mast cells 

-h2,6 Sialic acid  ITIM, function not 
fully elucidated 

[323] 

Siglec-7 
 

NK cells, 
macrophages, 

-h2,6 Sialic acid 
-h2,8 Sialic acid 

Immune cell 
inhibition 

[352, 353] 
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monocytes, DCs, 
mast cells, CD8+ 
T lymphocytes, 

Neutrophils 

Siglec-8 Siglec-F Eosinophils, 
Mast cells, 
Basophils 

tǊŜŦŜǊŜƴǘƛŀƭƭȅ ʰ-
2,3 Sialic acid, also 

-h2,6 Sialic acid 

Cell death [354, 355] 

Siglec-9 Siglec-E Granulocytes, 
Monocytes, B 
cells, NK cells 

and subsets of T 
cells in the TME 

-h2,6 Sialic acid 
-h2,3 Sialic acid 

Inhibition of 
immune response 

[353, 356, 
357] 

Siglec-10 Siglec-G B cells, Dendritic 
cells 

Macrophages, 
NK cells, 

activated CD4+ T 
cells 

-h2,6 Sialic acid 
-h2,3 Sialic acid 

Macrophage 
Phagocytosis. 

T cell suppression 

[358, 359] 

Siglec-11 and 
Siglec-16 
(Paired) 

 
Macrophages, B-
cells, Microglia, 

ovarian 
fibroblasts 

-h2,8 Sialic acid  Sperm survival [327, 360] 

Siglec-12 
(Siglec-XII) 

 
Epithelial cells, 
Macrophages 

Lost the ability to 
bind sialic acid 

 [361, 362] 

Siglec-13 
 

Deleted in 
humans 

 
 [363] 

Siglec-15 
 

Osteoclasts, 
Macrophages, 

activated T cells 

-h2,6 Sialic acid 
sTN antigen 

Suppression of 
antigen-specific T 

cell activation 

[335, 364, 
365] 

Siglec-17 
 

Deleted in 
humans 

 
 [363] 

 

 

Aberrant sialylation, which can result from the overexpression of sialyltransferases, an 

increase in sialylated ligands or a reduction in endogenous sialidases, has been reported 

in many cancer types [366-368]. An upregulated sialylation profile is associated with 

increased immunosuppression, metastasis, angiogenesis, and a poor survival outcome 

[366, 369, 370]. Hypersialylation is an accepted hallmark of cancer, and its potential as 

a novel therapeutic target for cancer treatment has driven a renewed interest in 

improving our understanding of its interactions in the TME. The upregulated expression 

of sialylation on cancer cells surface results in increased potential for siglec-sialylation 

interactions, driving immune cell inhibition and tumour immune evasion [371]. For 
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example, the increased binding of tumour cell sialic acid by siglec-7 and -9 on NK cells 

suppressed their cytotoxic functions in leukaemia cell lines [371]. The following section 

details how sialylation plays an important role in several hallmarks of cancer 

development.  

 

1.4.1 SIALYLATION IN THE TUMOUR MICROENVIRONMENT 

Upregulated sialic acid expression has been implicated in tumour progression since the 

мфслΩǎ ƘƻǿŜǾŜǊ, we are only now beginning to understand the intricate role that it plays 

[372, 373]. Upregulated sialyltransferase and sialic acid expression or hypersialylation, 

has been found in a number of cancers such as colorectal [374], breast [375], pancreatic 

[376]  ovarian [377], melanoma [378], prostate [379], cervical [380], brain [381], thyroid 

[382], gastric [383], and liver [384]. Upregulated ST6Gal-I is found in over 90% of 

screened colorectal cancer tumours, with the majority of these tumours expressing high 

levels of h 2,6 linked sialic acid [385, 386]. In fact, abnormal expression of sialic acid can 

be beneficial in diagnosing certain cancers, as sialylated biomarkers can be utilized to 

identify and confirm pancreatic cancer (CA 19-9), ovarian cancer (MUC16), and breast 

cancers (MUC1) [387-389]. Considering that hypersialylation is found in a wide range of 

cancer, enhancing our understanding of sialylation in the TME could provide us with 

novel therapeutic targets for cancer treatment.  

The overexpression of sialyltransferases and hypersialylation of cancer cells has been 

shown to contribute to many hallmarks of cancer as outlined in the following sections. 

Metastasis 

Metastasis is the spread of cancer from the primary tumour site to a secondary site and 

is the main cause of cancer-related death [390]. However, how tumours achieve 

metastasis is not fully understood and while the exact mechanisms behind metastasis 

have not been fully elucidated, it is known that sialylation can contribute to metastatic 

spread  [391, 392].  Research has found that the hypoxic environments of colorectal 

cancer induce elevated ST3 sialyltransferase expression, driving an increase in sialyl 

lewis X antigen levels, which is associated with increased invasion and metastasis [391, 
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392]. ECM molecules, such as integrins, can also undergo hypersialylation, leading to 

increased metastatic potential [393, 394]. Using metastatic murine mouse models 

Bresalier et al. found that the removal of sialic acid from the cell surface of colon cancer 

cells prior to administration significantly reduced metastasis to the liver from the 

primary tumour site [395]. The AL10 sialyltransferase inhibitor, shown to reduce integrin 

sialylation, significantly suppressed the formation of metastatic nodules in an in vivo 

murine model of lung adenocarcinoma compared to control mice [396]. Targeting 

tumour cell sialylation could reduce the metastatic spread of tumours and prolong the 

timeframe in which patients could undergo surgical resection or chemotherapy.  

Angiogenesis 

Angiogenesis is the formation of new blood vessels [397]. This process plays an essential 

role in the progression of cancer, as it provides the tumour with the nutrients and 

oxygen required to survive [397]. Angiogenesis can also promote metastasis as the 

vessels can facilitate the spread of cancer to a secondary site [397]. Sialylation has been 

found to also play a role in the promotion of tumour angiogenesis [369, 398]. One study 

found that ST3GAL1 sialyltransferase overexpression is associated with a worse 

prognosis in breast cancer; and that increased ST3GAL1 expression promotes elevated 

TGF-ʲ ǎƛƎƴŀƭƭƛƴƎ, which drives angiogenesis [369, 398]. This study suggested that the 

development of therapeutic ST3GAL1 inhibitors could improve breast cancer patient 

outcomes [369, 398]. 

Sustained proliferation 

Sustained proliferation, in the absence of growth signals, is another essential hallmark 

of cancer which sialylation is known to contribute to [399, 400]. The overexpression of 

ST6GAL1 is implicated in the sustained proliferation seen in prostate cancer [379]. The 

inhibition of ST6GAL1 expression in prostate cell lines induced a decrease in PIAK/AKT 

ŀƴŘ ʲ-catenin signalling which resulted in suppressed proliferation [379]. Another study 

found that ST6GALNACII expression promotes the proliferation of A549 lung cancer cells 

[401]. Targeting sialylation in the context of tumour proliferation could have significant 
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therapeutic implications for patients, however, the exact mechanisms by which these 

sialyltransferases enhance proliferation require further investigation.  

Chemoresistance 

The overexpression of the ST6GAL I sialyltransferase provides resistance to several 

chemotherapeutic drugs including cisplatin, gemcitabine, and paclitaxel [402-404].  This 

limits the options for the treatment of these diseases, however, interestingly, the 

silencing of these genes results in restored sensitivity to chemotherapy-induced cell 

death [402-404]. This could indicate that a two-pronged approach of desialylating 

tumours, in conjunction with chemotherapy administration could potentially enhance 

patient response rate and prolong overall survival.  

Evading cell death 

Hypersialylation has also been implicated in conferring resistance to apoptosis and cell 

death [385, 405-410]. Recent studies have found that ST6Gal-L ŀŘŘǎ ʰнΣс ǎƛŀƭƛŎ ŀŎƛŘ ǘƻ 

the Fas ligand, preventing Fas internalization and the formation of the death-inducing 

signalling complex (DISC), resulting in inhibited apoptosis [411]. TNF-ʰ ƻǊ ǘǳƳƻǳǊ 

necrosis alpha was originally thought to induce tumour apoptosis and necrosis via the 

binding to its receptor TNFR1, however, over time research has uncovered that the role 

of TNF-alpha in the TME is somewhat paradoxical having both pro and anti-roles [412, 

413]. Low doses of TNF-ʰ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ ǎǘƛƳǳƭƛ ŀǊŜ ŜǎǎŜƴǘƛŀƭ ŦƻǊ ŜŦŦƛŎƛŜƴǘ 

immunosurveillance and initiating cell death [414]. The binding of TNF-ʰ ǘƻ ƛǘǎ ǊŜŎŜǇǘƻǊ 

TNFR1 initiates a downstream caspase signalling event resulting in apoptotic tumour cell 

death [414]. However, with chronic inflammation, TNF-ʰ Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ǘƻ ƛƴŘǳŎŜ 5b! 

damage and promote tumour growth through mediation of NF-ˁ. ǎƛƎƴŀƭling [415, 416]. 

The TNF receptor 1 has been shown to experience hypersialylation in pancreatic and 

ovarian cancer, driving dysregulated apoptotic function  [410]. ST6GAL1 is upregulated 

in colorectal, cervical, breast, gastric, brain, and liver cancers, and is known to provide 

cells with protection from TNF-ʰ ƛƴŘǳŎŜŘ ŀǇƻǇǘƻǎƛǎ, this is now thought to be due to the 

hypersialylation of the TNF receptor [385, 405-410]. Targeting TNF-ʰ ƛƴ ŀ ŎƭƛƴƛŎŀƭ ǎŜǘǘƛƴƎ 

is not yet an achievable goal, with clinical trials showing limited effects [417]. For 
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example, a phase II clinical trial for etanercept, a TNF-ʰ ƛƴƘƛōƛǘƻǊΣ trialed in metastatic 

breast cancer resulted in only one patient achieving disease stabilization [417]. 

Targeting the sialylation profile of TNF-ʰ ŎƻǳƭŘ ǇǊƻǾŜ ŀ ƴƻǾŜƭ ƳŜǘhod to enhance the 

therapeutic effect of anti-TNF-ʰ ǘƘŜǊŀǇƛŜǎ ŀƴŘ ƛƳǇǊƻǾŜ ŎƭƛƴƛŎŀƭ ƻǳǘŎƻƳŜs. 

Immunosuppression 

A dysregulated immune response is another well-established and critical hallmark of 

cancer development [418]. Sialylation is a known regulator of the immune response, 

ƛƴǾƻƭǾŜŘ ƛƴ ǘƘŜ ǊŜŎƻƎƴƛǘƛƻƴ ƻŦ Ψself-ŎŜƭƭǎΩ and the maintenance of homeostasis [333, 418, 

419]. Sialic acids expressed on self-cells are bound by siglecs on various immune cells 

and immune activation is inhibited [333, 418, 419]. Since sialylation is differentially 

expressed in the TME, the following sections will detail evidence for the role of sialic acid 

in immune evasion of specific immune cell subsets. 

 

1.4.2 MACROPHAGES, SIALYLATION AND THE TUMOUR MICROENVIRONMENT  

Macrophages express a range of siglec receptors, each of which significantly regulates a 

diverse range of functions, as highlighted in figure 1.15. For example, the infiltration of 

Siglec-1+ (also known as CD169+ or sialoadhesin+) macrophages in primary colorectal 

cancer is correlated with a positive overall survival outcome and was associated with 

increased infiltration of cytotoxic CD8+ T cells [420]. A study of hepatocellular carcinoma 

patients also observed similar results [421]. In vitro studies have demonstrated that 

when CD169+ macrophages were co-cultured with T cells, their cytotoxic and 

proliferative abilities were enhanced [421]. High CD169+ macrophage intratumoural 

infiltration is also a positive prognostic marker in breast cancer patients, however, unlike 

in hepatocellular carcinoma and colorectal cancer, there was no significant correlation 

between CD169+ macrophage and CD8+ T cell density [422]. Interestingly, a paper 

recently published by Jing et al. suggests that CD169+ macrophages in a model of TNBC 

enhanced tumour growth and metastasis and that their depletion resulted in increased 

CD8+ tumour infiltration [145]. They suggest that PD-L1 expression on CD169+ 

macrophages is upregulated, suppressing CD8+ T cell infiltration [145]. When CD169+ 
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macrophages were treated with PD-1/PD-L1 blocking antibodies, there was increased 

infiltration of CD8+ T cells [145]. This data indicates that CD169+ siglec-1+ macrophages 

play a critical role in tumour immune evasion, which could be enhanced through 

targeted immunotherapies.   

In contrast, the expression of the siglecs -7/-9/-10 and -15 are associated with a worse 

outcome for patient survival [423-426]. Pancreatic cancer cells which express both 

siglec-7 and siglec-9 ligands can drive the differentiation of monocytes towards 

immunosuppressive TAMs, enhancing tumour protection [427]. Recent work has also 

indicated that siglec-7 expression on intratumoural macrophages could be a novel 

predictive biomarker for metastatic colorectal cancer [423]. MUC1-ST is an aberrantly 

expressed glycan expressed in several cancers which drives tumour growth [369, 428-

430]. MUC1-ST can be bound by siglec-9 on macrophages, inducing a phenotypic change 

and the expression of immunosuppressive markers such as IDO, CD206, CD163 and PD-

L1 [424, 430]. Binding of siglec-9 also drives the suppression of CD8+ T cell proliferation, 

which leads to enhanced tumour progression [424]. The TME also induces the 

expression of siglec-10 on TAMs, compared to healthy cells [425, 431]. In hepatocellular 

carcinoma, siglec-10+ macrophages were found in abundance in tumour tissue 

compared to healthy non-cancerous tissue, and this elevated siglec-10 expression was 

associated with a poorer prognosis [425]. This siglec-10+ TAM infiltration was associated 

with CD8+ T cell inactivation, increased exhaustion (Tim3, LAG1 and PD-1 expression) 

and decreased cytotoxicity (reduced granzyme-B, IFN and IL-2 secretion) [425].  Blocking 

siglec-10, through the use of a siglec Fc chimera, resulted in increased secretion of the 

pro-inflammatory cytokines IL-12 and TNF- ,h as well as a decrease of anti-inflammatory 

factors such as IL-10, by macrophages [425]. Levels of cytotoxic CD8+ T cells were also 

significantly increased with siglec-10 blocking, suggesting that siglec-10 expression on 

macrophages indirectly suppresses the anti-tumour activity of cytotoxic T cells through 

cytokine release [425]. This study highlights the synergistic effect of immune cells in the 

TME and provides evidence of alterative mechanisms of immunosuppression, which 

may provide novel targets for immunotherapies.  
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CD24 is a known ligand of siglec-10 and their binding results in the induction of an anti-

ǇƘŀƎƻŎȅǘƛŎ ΨŘƻƴΩǘ Ŝŀǘ ƳŜΩ ǎƛƎƴŀƭ, protecting the tumour from destruction [431]. CD24 is 

overexpressed in both ovarian and breast cancer and is associated with increased 

invasiveness and metastasis [432, 433]. Barkal et al. investigated the potential role of 

CD24-siglec-10 binding in breast cancer and found that this interaction resulted in the 

suppressed phagocytic potential of macrophages, with the blocking of either siglec-10 

or CD24 alone being enough to significantly upregulate phagocytosis of CD24+ breast 

cancer cells [431]. This information may lead to the development of clinically relevant 

therapies, restoring the phagocytic potential of macrophages in patients receiving 

immunotherapies. Another important finding of this study was that primary human 

TNBC cells resistant to anti-CD47 antibody treatment were susceptible to anti-CD24 

mAB antibody treatment [431]. This implies that patients resistant to current clinically 

approved therapies may be eligible to receive novel efficacious therapies in the future, 

and that our ever-expanding knowledge of tumour development could provide options 

for terminal patients. 
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Figure 1.15 Siglec binding on macrophages initiates downstream signalling pathways which 
are involved in tumour immunosurveillance.  
Macrophages express a range of siglec receptors which influence their immune response. Siglec-
1, also known as CD169 and sialoadhesin, internalizes its ligand, processes it and then presents 
it to CD8+ T cells for T cell priming [333]. Whereas the binding of siglec-7/-9 initiates downstream 
signalling pathways resulting in macrophage inhibition and skew macrophages towards a TAM 
phenotype. CD24 binding by siglec-10 inhibits phagocytosis and the binding of sTn by siglec-15 
induces the secretion of TGF-ʲ  [333]. Image created with Biorender. 

 

Siglec-15 is also found to be expressed on TAMs and has been implicated in the 

suppression of antigen-specific T cell activation both in vivo and in vitro [364, 434]. 

Siglec-15 recognizes and binds to sTn, an 2h,6 linked ligand overexpressed in colon, 

gastric, prostate and breast cancers, inducing the secretion of TGF- ,̡ resulting in 

enhanced tumour progression and metastasis [434-437]. Li et al. observed that 

macrophages isolated from siglec-15 knockout mice had reduced M2 polarization 

potential [426]. Using a model of subcutaneous pancreatic cancer Li et al. observed that 

siglec-15 KO mice had significantly lower tumour burdens compared to WT mice and 

suggest that siglec-15 contributes to tumour progression by regulating TAM phenotype 

in pancreatic cancer [426]. While systemic targeting of siglec-15 may be toxic, targeting 
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siglec-15 on TAMs using a bi-specific antibody could repolarize TAMs towards the more 

anti-tumour M1 phenotype, enhancing ǇŀǘƛŜƴǘǎΩ immune response.   

The contrasting roles of siglecs in tumour development reflects their complexity and 

variety of functions in the TME. While the targeting of siglecs on TAMs is promising, 

further research is required to investigate if siglec blockade might negatively affect the 

ŦǳƴŎǘƛƻƴ ƻŦ ΨaмΩ macrophages. If M1 macrophages are present in the tumour anti-siglec 

therapies may suppress their function, counterintuitively promoting tumour 

development.    

1.4.3 NATURAL KILLER CELLS, SIALYLATION AND THE TUMOUR MICROENVIRONMENT   

It is well documented that NK cells express siglec-7 and -9 receptors which regulate their 

cytotoxic potential, acting as inhibitory receptors similar to NKG2A [438-440]. With the 

elevated expression of sialic acid/siglec ligands on cancer cells, the cytotoxic function of 

NK cells tumour is likely dampened, the siglec receptors expressed by NK cells and their 

functions are shown in figure 1.16. 

Siglec-7 ligands are highly expressed in a number of tumour types and their binding 

results in inhibited NK cell-mediated lysis [371, 427, 441, 442]. Jandus et al. found that 

siglec-7 ligand expressing K562 and HeLa cells could significantly suppress NK cell 

cytotoxicity [371]. This suppression was reversed with the use of neuraminidase, 

cleaving sialic acid from its ligands and preventing siglec-ligand binding [371]. The 

authors showed that an anti-Siglec 7 antibody resulted in significantly increased NK cell 

cytotoxicity in these co-cultures [371]. Interestingly, Siglec-7 NK cells express high levels 

of activating markers and can secrete higher levels of IFN-  ɹthan siglec 7- NK cells [443]. 

Analysis of hepatocellular carcinoma patients found that patients had reduced 

circulation and density of NK cells, with siglec-7 expression significantly lower compared 

to healthy controls [444]. Similar to the study by Jandus et al., Tao et al. found that siglec-

7+ NK cells had enhanced cytolytic potential [444]. In bladder cancer, siglec-7 expression 

on tumour infiltrating NK cells was associated with poor overall survival and in multiple 

myeloma siglec-7-ligand interaction was correlated with reduced NK function [441, 445]. 

Considering that siglec-7+ NK cells display high levels of activator receptors, IFN-  ɹ
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secretion and CD107a degranulation, an approach for treatment may be to target the 

siglec-7 ligands themselves, allowing the cytolytic siglec 7+ NK cells to function more 

efficiently. 

Siglec-9 is also expressed on NK cells, but its role in cytotoxic function is less well 

understood [446]. Similar to siglec-7, the binding of siglec-9 on NK cells to its ligands 

leads to NK inhibition and suppressed immune clearance [371]. MUC16, a ligand of 

siglec-9, is commonly overexpressed in cancers such as ovarian, colorectal, pancreatic 

and breast [447, 448]. The binding of MUC16 by siglec-9 on NK cells results in their 

inhibition and tumour progression [371]. In a study of ovarian cancer, Choi et al. found 

that the use of an anti-siglec-9 antibody significantly reduced tumour volume in an in 

vivo mouse model [449]. Targeting siglec-9 promoted the degranulation of NK cells, 

enhancing their cytotoxic potential and resulting in a decreased tumour burden [449]. 

Jandus et al. also generated siglec-9 monoclonal antibodies which could increase NK 

cytotoxicity against HeLa and K562 cells, although the increased cytotoxicity was not as 

efficient as siglec-7 blocking [371]. Targeting NK siglec-7 expression using blocking 

antibodies could prevent tumour cells from exploiting the siglec-sialic acid, potentially 

resulting in enhanced NK cytotoxic potential and tumour destruction.  

It was recently discovered that siglec-10 is upregulated on NK cells in hepatocellular 

carcinoma tumours [450]. This increased expression was identified as a negative 

prognostic factor in overall survival  [450]. Siglec-10+ expressing NK cells displayed 

impaired effector function, with Siglec-10+ NK cells having decreased granzyme B and 

perforin expression compared to siglec-10- NK cells [450]. It was recently believed that 

NK cells only expressed siglec-7 and siglec-9, however, this work highlights that immune 

cells can upregulate siglec receptors which had not previously been expressed, when 

exposed to various stimuli such as the TME. This demonstrates the need to investigate 

siglec receptor expression on different immune cells within and outside tumours. 

Additionally, in inflammatory microenvironments, siglec receptor expression may be 

altered and therefore the microenvironment of the immune cells will likely be critical in 

determining its function. 
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Figure 1.16 Siglec binding on NK cells initiate inhibitory downstream signalling pathways 
which suppress NK cytotoxic function.  
Siglec-7, -9, and -10 bind to sialylated ligands on tumour cells, and this binding results in the 
downstream phosphorylation of ITIMs, subsequently suppressing NK cytotoxicity. Targeting NK 
siglec-sialic acid interactions can restore NK cytotoxicity and restore the immune response 
Image created with Biorender. 

 

1.4.4 DENDRITIC CELLS, SIALYLATION AND THE TUMOUR MICROENVIRONMENT   

Wang et al. have shown that Siglec-7, -9 and -10 expression is upregulated on tumour 

infiltrating DCs (Ti-DCs) in CRC, NSCLC and epithelial ovarian cancer, suggesting a 

potential role for siglecs in DC immunosuppression [451]. To further investigate this 

claim Wang et al. assessed the function of siglec-E on intratumoural murine DCs [451]. 

They confirmed that siglec-E, the mouse orthologue for siglec-7/-9, was upregulated on 

Ti-DCs of MC38 CRC, B16 melanoma and EMT6 breast cancer mouse models [451]. Ti-

DCs with elevated siglec-E expression had an immature phenotype and suppressed 

activation, with a reduction in the presence of the antigen-presenting molecules, MHC-

I and MHC-II [451]. They suggest that siglecs could inhibit the antigen-presenting 

potential of DCs and that targeting siglecs on DCs could result in enhanced T cell 

activation and tumour clearance [451]. Siglec-G, the mouse orthologue for siglec-10, is 

also involved in preventing antigen cross-presentation by impeding the generation of 
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MHC-I complexes [452]. It has been shown that siglec-G deficient mice had elevated 

numbers of antigen-specific cytotoxic T cells and reduced tumour growth in B16 

melanoma mouse models [452].  These studies highlight the important role of siglec 

expressing DCs in tumour development and how expanding our knowledge on the 

regulatory roles of these siglecs could provide novel insight into how to enhance the 

immune response in the TME.  

DCs can also express sialic acid on their cell surface, which may bind to siglecs through 

cis-interactions [453, 454]. These cis-interactions could suppress DC activation and T cell 

stimulation [454]. One study found that the treatment of murine bone marrow DCs with 

the sialyltransferase inhibitor Ac53FaxNeu5Ac improved DCs ability to induce the 

proliferation of antigen-specific CD8+ T cells [455]. The mechanism behind this enhanced 

activation following desialylation was not fully elucidated and the authors suggest that 

this enhanced activation may be a result of reduced cis-interactions, changes in the cell 

surface negative charge or the exposure of further interaction sites [455]. Interestingly, 

[ːōōŜǊǎ Ŝǘ ŀƭ. ŎƻƴŦƛǊƳŜŘ ǘƘŀǘ ǘƘŜ ōƛƴŘƛƴƎ ƻŦ ʰнΣо ǎƛŀƭƛŎ ŀŎƛŘ ōȅ 5/ǎ ƛƴŘǳŎŜŘ ǘƘŜ 

phosphorylation of siglec-9 [456]. This phosphorylation suppressed the secretion of IL-

12 and IL-6, and enhanced the generation of regulatory T cells, which may promote 

tumour development  [456]. The siglec-sialic acid signalling axis of DCs could have great 

potential as a novel target for checkpoint inhibitor treatments, which could enhance the 

function of cytotoxic T cells and promote tumour clearance, highlighting the importance 

of expanding our knowledge on siglecs in the TME. 

 

1.4.5 T CELLS, SIALYLATION AND THE TUMOUR MICROENVIRONMENT   

As siglecs are expressed at very low levels on circulating healthy T cells, they were not 

originally considered as important immunotherapeutic targets [457]. However, recent 

research has shown that T cells present in the tumour microenvironment can have 

upregulated siglec expression, acting to suppress their cytotoxic functions, as described 

in figure 1.17 [457, 458].   
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In 2018, Stanczak and colleagues found that siglec-9 was increased on tumour 

infiltrating lymphocytes (TILS) in colorectal, ovarian, and non-small cell lung cancer 

patient samples compared to their healthy control counterparts [459]. These siglec-9+ 

CD8+ TILs expressed higher levels of other inhibitory receptors including PD-1, Tim3 and 

LAG-3, and had reduced capacity to secrete TNF-ʰ ŀƴŘ LCb-  ɹ[459]. To investigate if 

siglec-9 was involved in T cell inhibition, TILs were treated with an agonistic anti-siglec-

9 antibody which lead to increased suppression of T cell activation, indicated by the 

reduced expression of CD25 and CD69 and secretion of IL-2 [459]. The use of a transgenic 

mouse model expressing human siglec-9 on both CD4+ and CD8+ T cells, found that 

tumour growth was enhanced in siglec-9 expressing T cell mice compared to controls 

[459]. A comparison of siglec-9 TIL expression in published clinical data found that 

patients with a higher expression of siglec-9+ CD8+ T cells had significantly worse 

prognoses and reduced overall survival [459]. Analysis of melanoma patient samples 

revealed that tumour infiltrating CD8+ T cells had a high siglec-9 expression compared 

to peripheral blood [460]. To assess the functional consequences of siglec-9 receptor-

ligand binding,  siglec-9+ T cells were incubated with neuraminidase-treated P815 target 

cells, and it was confirmed that their cytotoxicity was enhanced compared to siglec-9- T 

cells [460]. This enhanced cytotoxic function was reflected in an increase in T cell 

degranulation and release of IFN-ʴ ŀƴŘ ¢bC-ʰ ŦǊƻƳ CD8+ T cells [460]. This data suggests 

that siglec-9+ CD8+ T cells have enhanced cytotoxic potential which is suppressed by 

ligand binding within the TME. Understanding the roles of Siglec receptors on T cells in 

different microenvironments may lead to a better approach for targeting 

sialylation/siglec receptor expressing immune cells. Additionally, alterations in immune 

cell siglec receptor expression could be used as blood-based biomarkers for cancer or 

inflammatory diseases. Targeting siglec ligands as well as or instead of siglecs may prove 

to be a more efficacious approach, leading to enhanced immune activation and tumour 

clearance in cancer. This knowledge will likely fuel the development of the next 

generation of immunotherapies for cancer and potentially inflammatory diseases.  

Siglec-7 is also expressed on a subset of activated T cells and has also been implicated in 

the suppression of effective T cell responses [461]. Studies using Jurkat cells have found 
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that both siglec-7 and -9 negatively regulate TCR activation through the recruitment of 

SHP-1, suppressing downstream signalling and T cell activation [461]. Targeting siglec-7 

could also be a potential targeting route which could be developed for clinical use. 

However, it remains to be seen if targeting siglec-7 or siglec-9 is more efficacious for 

inducing T cell activation; or if targeting both receptors could produce a synergistic 

effect significantly that enhances T cell cytotoxicity. 

 

Figure 1.17 Siglec binding on T cells suppresses activation and cytotoxic function. 
Sialic acids on the tumour cell surface bind to siglec receptors on the T cell surface and suppress 
activation. The binding of siglec-9 induces an exhausted T cell phenotype, with suppressed 
cytotoxic cytokine secretion. Siglec-10/siglec ligand interactions on T cells suppress T cell 
proliferation and cytokine secretion. Siglec-7 binding on T cells inhibits their activation. Inhibiting 
T cell siglec-sialic acid interactions can restore the cytotoxic function of T cells, driving an 
improved immune response. Image generated in Biorender. 

 

Activated CD4+ T cells have been found to have upregulated siglec-10 expression, which 

binds to CD24 and CD52 downregulating their immune response [431, 462-464]. Cancer-

derived sialylated immunoglobulin G (SIA-CIgG) is highly expressed on breast and lung 

cancer cells and is associated with metastasis and poor prognosis, driving the 
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progression of cancer through T cell regulation [465-467]. Research has found that the 

incubation of tumour-derived SIA-CIgG suppressed both CD4+ and CD8+ T lymphocyte 

proliferation and the secretion of cytokines including IL-2, IL-10 and TNF- ,h in a siglec-

10 dependent manner [468]. The inclusion of a siglec-10 neutralizing antibody 

significantly inhibited this suppression, restoring T cell proliferation [468]. Extracellular 

Vesicles (EVs), nanoparticles released from cells, are involved in the promotion of 

carcinogenesis [469, 470].  These nanoparticles are associated with poor overall survival 

and can induce the expression of siglec-10 on T cells [469, 470]. EVs derived from ovarian 

cancers were incubated with the Jurkat T cell line, and both mRNA levels and protein 

expression levels of the siglec-10 receptor were found to be upregulated after co-culture 

[469]. This indicates that EV release may be a pathway exploited by tumours to induce 

immune suppression in siglec-10 expressing immune cells. It was only recently that we 

identified that T cells can express siglecs under specific circumstances, such as enhanced 

Siglec expression in the tumour microenvironment. Research should now aim to profile 

T cells for siglecs in other conditions, such as asthma and diabetes for example, as 

expanding our knowledge on how the expression of siglecs on T cells is regulated by 

different environments could inform us on previously unknown mechanisms of T cell 

suppression. Understanding the mechanisms employed by tumours to regulate and 

signal through siglec receptors is fundamental to optimal targeting strategies and 

immunotherapies.   

1.5 /!C{ Lb ¢I9 ¢a9 !b5 ¢I9 w9D¦[!¢Lhb hC Laa¦b9 /9[[{ 

In recent years, there has been an increasing interest in designing new treatments for 

cancer, which could potentially improve chemoresistance, immunotherapy resistance, 

adverse effects and improve patient survival rates [471]. Research focus has shifted from 

focusing on cancer cells alone to a broader view of the tumour microenvironment as a 

whole, and how crosstalk within this environment can aid tumour progression [54]. As 

our knowledge of the TME, and the crosstalk within it, expands one cell type has come 

to light as a significant contributor to tumour progression and immune resistance ς CAFs 

[472]. CAFs modulate several aspects of the immune response, including the secretion 
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of immunosuppressive cytokines and by directly interacting with innate and adaptive 

immune cells [472]. CAFs have also been shown to contribute to chemoresistance in 

head and neck cancer (cetuximab resistance), prostate cancer (sorafenib resistance), 

and breast cancer (tamoxifen resistance) [111-113]. These tumour-promoting 

properties make them a promising target for overcoming therapeutic resistance. [473]. 

Several different strategies for targeting CAFs have been investigated, these strategies 

include; the depletion of CAFs from the TME; inhibiting the conversion from fibroblast 

to CAF; and targeting their immunosuppressive functions. However, success has been 

limited.   

The main barrier to effective treatments depleting CAFs is their lack of a unique marker, 

even from the knowledge gained through scRNA-seq there is still no consensus on a CAF-

ǎǇŜŎƛŦƛŎ ƳŀǊƪŜǊΦ ²ƘƛƭŜ ʰ-SMA and FAP are accepted CAF markers, they are also highly 

expressed by pericytes, skeletal muscle and smooth muscle cells, and the depletion of 

FAP+ cells has been found to result in cachexia and anaemia in animal models [474]. A 

number of strategies for targeting CAFs, which may overcome the limitation of lack of 

specific markers, have been proposed. CAFs can be targeted through CAR-Ts targeting 

FAP, blocking the conversion of NAFs to CAFs and also by targeting specific mechanisms 

that CAFs [472]. 

TGF-ʲ ǎƛƎƴŀƭƭing is the main pathway implicated in regulating CAF activation and 

targeting this pathway may prove an effective method to restrict tumour progression 

[475-477]. However, Ford et al. have found that inhibiting TGF-ʲ in vitro did not reverse 

myoCAF differentiation while Biffi et al. have shown that the use of a TGFBR inhibitor 

did not affect iCAF density in tumours [478, 479]. A greater understanding of the 

mechanisms of CAF generation and the various subtypes is clearly required before the 

reprogramming of CAFs becomes a potentially effective therapeutic option. 

CAFs are known to significantly contribute to the immunosuppression seen in the TME 

[480]. Research has found that CAFs can modulate the TME through the secretion of 

cytokines, such as CXCL12 [237]. CAFs are a major source of CXCL12 in the TME, which 

is implicated in angiogenesis, metastasis, and T cell exclusion [481]. Chen et al. have 
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observed that the disruption of the CXCL12-CXCR4 signalling pathway, through the use 

if a CXCR4 inhibitor, improved T cell infiltration and response to PD-1 blockade in breast 

cancer models [482]. Targeting the immunoregulatory pathways of CAFs is the likeliest 

method to provide positive results, potentially leading to the development of novel 

efficacious therapies, and as such we must continue to improve our understanding of 

how CAFs regulate their immunosuppressive effects.  

It is highly likely that the tumour environment is influencing the sialylation profile of 

stromal cells recruited to the tumour, similar to what is seen with the upregulation of 

PD-L1 on CAFs [65, 483]. Considering CAFs ability to restrict immune cell infiltrate into 

the tumour and their immunosuppressive properties, it is not unreasonable to believe 

that their sialylation profile could be responsible in part for their tumour-promoting 

properties in the colorectal microenvironment. There has been an influx of novel 

methods to study and target sialic acid-siglec interactions within the last decade which 

may provide us with a better understanding of how CAFs regulate their 

immunomodulatory functions and whether their sialylation profile is an important 

mechanism in promoting their immunosuppressive properties. 

1.6 ¢!wD9¢¢LbD {L![¸[!¢Lhb  

While the role of sialylation in tumour development has been acknowledged since the 

слΩǎΣ the study of tumour sialo-glycobiology was hampered by a lack of reagents and 

assays [396, 484-492]. The main reagents available were the lectins SNA-I and MAL-II, 

which recognize h нΣс ƭƛƴƪŜŘ ŀƴŘ ʰнΣо ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘ ǊŜǎǇŜŎǘƛǾŜƭȅ [396, 484-492]. Since 

the early 2000s there has been an abundance of novel reagents developed which has 

allowed for significant advancement in the field of glycobiology and sialyloglycobiology 

as shown in figure 1.18 [396, 484-492]. The development of sialylation inhibitors and 

siglec blocking antibody has provided us with novel insight into mechanisms of immune 

regulation and how sialylation is exploited in tumour biology.  
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Figure 1.18 Sialic acid discovery timeline. 
{ƛŀƭƛŎ ŀŎƛŘ ǿŀǎ ŘƛǎŎƻǾŜǊŜŘ ƛƴ ǘƘŜ мфолΩǎ ōǳǘ ŘǳŜ ǘƻ ŀ lack of biological reagents and assays, 
progression in this field was initially delayed. In the past 15 years, research has picked up the 
pace and the development of novel reagents, such as siglec blocking antibodies, has helped to 
expand our knowledge in this field exponentially. Image generated with Biorender [396, 484-
492]. 
 
 
 

This thesis has discussed published evidence which indicates that siglec expression on 

immune cells in the TME inhibits immune cell function; thereby inhibiting their ability to 

target cancer cells. However, it is important to acknowledge that there is a wide array 

of siglec receptors, and it is unlikely that all siglec receptors have a negative prognostic 

value in different cancers. Without any doubt, there are more unknowns than knowns 

in our understanding of the regulation of siglec ligands and siglec receptors in the 

tumour microenvironment. Current knowledge highlights their potential as therapeutic 

targets but has only begun to unearth the vast array of potential interactions dictated 

by Siglec receptors within the TME.  Indiscriminatingly inhibiting siglec expression could 

have negative consequences such as initiating a cytokine storm or inducing 

autoimmunity by disrupting self-tolerance and homeostasis. Therefore, it is critical that 
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comprehensive approaches are used to assess the regulation, expression and dynamics 

of siglec receptors in the immune and stromal microenvironment in cancer. 

Similarly, targeting sialic acids can also be problematic. The role of sialylation in 

maintaining homeostasis emphasizes the difficulty in designing safe and efficient 

targeting approaches [493]. Therefore, non-discriminately targeting overall sialic acid 

could have severe adverse effects, as was found in a study by Macauley et al. [494]. This 

study found that administration of the sialyltransferase inhibitor 3F-NeuAc affected 

sialic acid expression on a number of organs including the brain and kidney [494]. Mice 

who were administered a single 300mg.kg-1 dose of inhibitor suffered from weight loss, 

a reduction in albumin and protein levels in the blood, and both kidney and liver 

dysfunction [494]. One study investigating the inhibition of sialic acid expression as a 

target to enhance T cells cytotoxicity found that high levels of a sialyltransferase 

inhibitor led to nephrotoxicity in mice [495]. Therefore, the systemic administration of 

a sialyltransferase inhibitor is not likely to be a viable therapeutic option.  

As non-discriminate targeting of siglec receptors or overall sialic acid expression could 

be too broad a target potentially resulting in severe adverse effects, it appears more 

appropriate to target the specific siglec-siglec ligand interactions. Siglec-siglec-ligand 

interactions have only come to the forefront of cancer research in recent years and 

much more work is required to fully understand their functions, their synergy with other 

cells and how to specifically target these interactions.  

 

1.6.1 59±9[hta9b¢ hC bh±9[ ¢I9w!t9¦¢L/{ ¢!wD9¢LbD {LD[9/ ς

{LD[9/ [LD!b5 Lb¢9w!/¢Lhb{    

There have been many developments in targeting the immune system for cancer 

therapy in recent years, the most noteworthy of which is the development of immune 

checkpoint inhibitors, such as anti-PD-1/PD-L1 treatments [496, 497].  Anti-PD-1/PD-L1 

inhibitors have improved not only patientǎΩ quality of life but also the survival rate [496, 

497]. Unfortunately, only a small percentage of patients, ~13-20%, respond favourably 
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to these immunotherapy treatments [498-501]. Another novel approach is the use of 

chimeric antigen receptor T cells,  CAR-T cells, ǿƘƛŎƘ ǳǘƛƭƛȊŜǎ ŀ ǇŀǘƛŜƴǘΩǎ ƻǿƴ ¢ ŎŜƭƭǎΣ ǊŜ-

programming them to target specific antigens [502]. CAR-T cells have been approved for 

several hematological cancers, however, due to their high cost and non-optimal 

response rate they are not approved for solid tumours such as colorectal cancer [502, 

503]. Further research is required to investigate this low response rate to 

immunotherapies and alternate options for patients that develop primary or secondary 

resistance to chemotherapy and immunotherapies. It is highly unlikely that a single 

molecule, protein, or cellular component is responsible for conferring immune 

protection but instead a combination of factors is much more probable [504-506]. 

Considering this, much research has gone into determining other targets, such as 

sialylation, which could have a potential role in immunomodulation in the cancer 

microenvironment. Aberrant sialylation in the TME is known to confer resistance to a 

number of cancer treatments, for example, the upregulation of ST3GAL1 and ST6GAL1 

has been linked to paclitaxel and cisplatin resistance in ovarian cancer [404, 507, 508]. 

In hepatocellular carcinoma ST6GAL1 expression regulates resistance to docetaxel 

treatment [509], and elevated sialylation of EGFR in lung cancer promotes tyrosine 

kinase inhibitor resistance [510]. Recently it has also been shown that the sialylation of 

HER2, enhances resistance to the immunotherapy trastuzumab [511]. A combinational 

approach of targeting sialylation alongside other conventional therapies, such as 

trastuzumab or chemotherapy, could overcome therapeutic resistance and significantly 

improve ǇŀǘƛŜƴǘǎΩ response rate.   

Xiao et al. designed a Trastuzumab-sialidase conjugate to target HER2+ breast cancer cell 

lines [512]. Sialidases are enzymes involved in the cleavage of sialic acid from complex 

glycoconjugates and have been shown to effectively reduce sialic acid expression in vitro 

[512]. This conjugate was shown to target HER2+ tumour cells, allowing the sialidase to 

specifically act on tumour cell sialic acid, increasing their susceptibility to NK cell 

cytotoxicity [512]. With about 20% of breast cancer patients being HER2 positive, this 

specific conjugate-targeting treatment might be an effective method to direct sialic acid 

therapeutics to tumour cells, reduce off-target effects and enhance immune cell killing 
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for many patients [513]. This approach informed the development of the EAGLE 

(Enzyme-Antibody Glyco-Ligand Editing) project, which acts ǘƻ άƛƴƘƛōƛǘ ƎƭȅŎƻƭ-immune 

ŎƘŜŎƪǇƻƛƴǘǎέ ōȅ άǎŜƭŜŎǘƛǾŜƭȅ ǊŜƳƻǾƛƴƎ ǘƘŜ ǘŜǊƳƛƴŀƭ ǎƛŀƭƛŎ ŀŎƛŘǎ ƻŦ ǎƛŀƭȅƭƻƎƭȅŎŀƴǎ ƻƴ 

ǘǳƳƻǳǊ ŎŜƭƭǎέ  [514, 515]. This approach has great potential, by preventing siglec-siglec 

ligand binding in the TME, it could overcome immunotherapeutic resistance in the TME. 

Another interesting approach was explored by Posey et al. who designed chimeric 

antigen receptor (CAR) T cells which specifically targeted abnormal Tn or STn antigens 

on MUC1-expressing cancer cells [516]. In mice suffering from T cell leukemia, the 

administration of this CAR-T cell targeting approach significantly increased overall 

survival compared to controls [516]. These CAR-T cells were also shown to recognise a 

number of different cancer types, including human breast and pancreatic cell lines [516]. 

Using a xenograft pancreatic model in mice they showed that mice treated with CAR-T 

cell treatment had 100% survival compared to 33% survival with control [516]. As there 

has been great clinical success seen with CAR-T cells in recent years, the development 

of a CAR T therapy which recognises abnormal sialic acid expression could be a very 

promising approach for the development of novel therapeutics [517, 518].  

Büll and colleagues have designed biodegradable nanoparticles which encapsulate 3-

Fax-Neu5Ac, a sialic acid mimetic  [519]. The administration of these nanoparticles in 

vivo to melanoma mice reduced metastatic load in the lung [519]. In order to reduce off-

target effects, these nanoparticles were coated in a layer of monoclonal anti-tyrosinase-

related protein1 antibody (TRP-1), an antigen associated with B16-F10 melanoma, which 

allowed for specific targeting of cells [519]. Nanoparticles could be an alternate safe and 

effective approach to targeting sialic acid in cancer, reducing off-target effects, and 

allowing immune cells to effectively clear tumours, improving patientsΩ response rate.  

The development of these novel targeting approaches allows us to determine the 

influence of sialylation in the TME and whether they could provide effective and safe 

alternate therapies for patients who do not respond to conventional chemo and 

immunotherapies. They also provide us with the ability to investigate the role of 

sialylation in a variety of different cells, such as CAFs. The role of sialylation in CAFs 
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immunosuppressive properties has not yet been investigated and represents a potential 

mechanism of action which CAFs could exploit to promote tumour progression. With the 

abundance of novel targeting approaches studying CAF sialylation could provide us with 

novel insight into how CAFs regulate their immunosuppressive properties and open up 

alternate avenues for therapy.  

 

 
Figure 1.19 Various methods of selectively targeting tumour cell sialylation and siglec ligands. 
The generation of mABs, CAR-T cells and nanoparticles are some of the novel potential ways in 
which therapies can specifically target tumour cells without inducing adverse effects commonly 

seen with chemotherapy and radiotherapy. Image created with Biorender. 

 

1.7 ¢I9 Ybh²[95D9 D!t 

CAFs are one of the most abundant cells in CRC CMS4 tumours and are associated with 

an immunosuppressed tumour-promoting environment [83, 520-524]. Despite this, 

CAFS have often been overlooked in cancer research, and there is a significant 

knowledge gap in our understanding of the mechanisms by which CAFs regulate their 

immune properties. With the substantial evidence that cancer cells regulate the immune 

response through sialylation and considering the poor prognosis associated with a high 

density of immunosuppressive CAFs in the TME, it is likely that the TME also influences 
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the sialylation profile of CAFs. While many questions remain to be answered about 

sialylation in the TME, as detailed in table 1.4, this thesis aimed to investigate the 

sialylation profile of CAFs in the colorectal TME and assessed if their sialylation profile 

contributes to their immunosuppressive properties.  

 

Table 1.4: Questions pertaining to sialylation in the tumour microenvironment 

Is it possible that cells other than cancer cells, for example CAFs, express sialic acid 

and siglec ligands, contributing to their immunosuppressive abilities? 

Are siglec ligands differentially regulated in the TME? 

Is one siglec the master regulator in the activation/inhibition of the siglec immune 

response or is it a combinatory effect? Would targeting one siglec be sufficient to 

redirect the immune response? 

Is it sufficient to cleave the sialic acid off sialylated ligands or is a complete blocking 

required in order to restore the immune response? 

Which approach is a more effective immunotherapy -Removing cell surface sialic 

acid, targeting siglecs, or a dual combination approach? 

As all healthy cells also express sialic acid it is essential to develop a targeted 

therapeutic approach which can effectively treat patients? 

Are immunomodulatory ligands sialylated and does this contribute to their 

immunosuppressive functions? If so, is it possible to develop more specific targeting 

strategies based on their post-translational modifications? 

Are different siglecs predominant in different tumour microenvironments e.g. 

siglec-7 or siglec-9 on NK cells in melanoma vs colorectal cancer? 

Is the role of siglecs equally as important in adaptive immune cells as it is in innate 

cells? 
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1.8 I¸th¢I9{L{ !b5 !La{ 

Hypothesis 

Stromal cells in the tumour microenvironment and/or CAFs exposed to the secretome 

of inflammatory colorectal cancer tumour microenvironment have altered sialic acid 

profiles which enhances their immunosuppressive properties This thesis hypothesizes 

that targeting CAF sialylation could represent a novel target in order to reverse stromal 

cell mediated immunosuppression and enhance immune infiltration and activation.  

Aims 

1. To investigate the impact of tumour conditioning on the stromal cell sialylation 

using multiple stromal cell models ς BM-MSCs, NAFs and CAFs  

2. To determine if sialylation plays a role in the immunosuppressive properties of 

CAFs  

3. To target stromal cell sialylation in order to determine and validate its immune 

effects both in vitro and in vivo 
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2. aŀǘŜǊƛŀƭ ŀƴŘ aŜǘƘƻŘǎ 
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2.1 !bLa![ {¢w!Lb{ !b5 9¢IL/![ !ttwh±![ 

8- to 14-week-old female BALB/c mice were acquired from the Envigo Laboratories in 

Oxen, United Kingdom. Mice were housed in a pathogen- free accredited animal housing 

unit, feed an all-chow diet and monitored daily. Conditions were approved and 

maintained by the Animal Care Research Committee of National University of Ireland, 

Galway. All experimental procedures were authorised under both individual and project 

licences from the Health Products Regulatory Authority (HPRA), licence number 

AE19125/P077. 

2.2 {¢wha![ /9[[ L{h[!¢Lhb 

Bone marrow mesenchymal stromal cells - BM-MSCs 

Euthanasia of BALB/c mice was performed using CO2 inhalation. Femur and tibia were 

removed, connective tissue was detached, and the ends of the bones were cut off. Bones 

were placed in MEM-ʰ ό.ƛƻǎŎƛŜƴŎŜǎ-Gibco), supplemented with 1% 

penicillin/streptomycin (Sigma), 10% fetal bovine serum (Fisher-Hyclone) and 10% 

equine serum (Fisher-Hyclone). The exposed bone marrow was flushed out with 

medium and a 35-gauge needle. Cells were filtered through a 70µM cell strainers 

(ThermoFisher Scientific) and centrifuged at 400 x g for 5 minutes. Cells were plated at 

a density of 9x105 per cm2 in a T175 flask and incubated at 37oC with 5% CO2 supply. 

Non-adherent cells were removed every 24 hours until adherent cells reached 

confluency. Once confluent, cells were trypsinised for 5 minutes at 37oC, neutralized 

with culture medium, centrifuged, and re-plated.  

C57/BL6 mouse stromal cell MSCs were donated by Prof. Matt Griffin, originally sourced 

from Dr. Karen English.  

Primary human stromal cells were isolated from the bone marrow of healthy volunteers, 

after written consent was attained under an ethically approved protocol (NUIG Research 

Ethics Committee, Ref: 08/May/14). Bone marrow suspensions were separated by ficoll 

gradient, and the nucleated cells were collected. Cells were centrifuged at 400x g for 5 
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minutes before being seeded in T175 flasks at a density of 9x105 cells per cm2 in MEM-

ʰ ƳŜŘƛǳƳΣ ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ 1ng/mL fibroblast growth factor (FGF2, Peprotech), 10% 

fetal bovine serum and 1% penicillin/streptomycin.  Non-adherent cells were removed 

every 24 hours until fibroblast-like colonies were formed. These colonies were collected 

and expanded for further use.  

Intestinal stromal cells  

Colorectal tumour and adjacent normal mucosal tissue were obtained from patients 

undergoing colon tumour resection at University Hospital Galway  under  an  ethically  

approved  protocol  (Clinical  Research  Ethics  Committee,  Ref:  C.A.  2074).  Written 

informed explicit consent was obtained from all patients prior to  sampling.  Following 

pathological assessment, biopsies of central tumour  and  normal mucosal tissue were 

ǊŜƳƻǾŜŘ ŀƴŘ ǿŀǎƘŜŘ ƛƴǘŀŎǘ р ǘƛƳŜǎ ǿƛǘƘ IŀƴƪΩǎ ōŀƭŀƴŎŜŘ ǎŀƭǘ ǎƻƭǳǘƛƻƴ όI.{{ύ (Sigma-

Aldrich) supplemented  with  10%  penicillin/streptomycin  (Sigma-Aldrich).  After 

washing, the biopsies were  cut  into  2-3mm  pieces  and  dissociated  using  a  human  

¢ǳƳƻǳǊ  5ƛǎǎƻŎƛŀǘƛƻƴ  Yƛǘ  όaƛƭǘŜƴȅƛ  .ƛƻǘŜŎύ  ŀŎŎƻǊŘƛƴƎ  ǘƻ  ǘƘŜ  ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ  ǇǊƻǘƻŎƻƭ  

with  some  modifications.  Incubation time was reduced to 2 hours and dissociation was 

achieved by inverting the suspensions 10 times, every 30 mins.  The resultant cell 

suspensions were filtered  ǘƘǊƻǳƎƘ  тл˃Ƴ  ŎŜƭƭ  ǎǘǊŀƛƴŜǊǎ  ό¢ƘŜǊƳƻCƛǎƘŜǊ  {ŎƛŜƴǘƛŦƛŎύ  ŀƴŘ  

centrifuged  at  400  x  g  for  5  mins.  Single-cell suspensions  were  re-suspended  in  

complete  human  MSC  medium  (RPMI  1640  medium  (ThermoFisher  Scientific)  

supplemented  with  10%  heat-inactivated  FBS,  1%  sodium  pyruvate,  1%  HEPES  

solution,  1%  L-ƎƭǳǘŀƳƛƴŜΣ  м҈  ǇŜƴƛŎƛƭƭƛƴκǎǘǊŜǇǘƻƳȅŎƛƴΣ  лΦм҈  ʲ-mercaptoethanol  and  

1ng/mL  FGF2  (all  Sigma-Aldrich). Cells were then seeded in 6-well plates (Sarstedt) 

until stromal cell colony establishment was observed.  Stromal cells isolated from  

colorectal  tumour  biopsies  were  termed  cancer-associated  fibroblasts  (CAFs),  while  

stromal  cells  derived  from  patient-matched  normal  mucosal  tissue were termed 

normal-associated fibroblasts (NAFs). All CAF and NAF experiments were performed 

with cells between passage 4 and 10 and were cultured to ~70% confluency. 
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2.3 a{/ /I!w!/¢9wL{!¢Lhb 

{ǘǊƻƳŀƭ ŎŜƭƭ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ōȅ 5ǊΦ hΩaŀƭƭŜȅ ŀƴŘ 5ǊΦ [ŜƻƴŀǊŘ, in the 

Ryan Research Group as outlined below [525]. 

Adipogenesis 

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

ǎǘŀƴŘŀǊŘ a{/ ŎǳƭǘǳǊŜ ƳŜŘƛǳƳΦ /Ŝƭƭǎ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ŀǘ отɕ/Σ р҈ /hн ǳƴǘƛƭ ŎƻƴŦƭǳŜƴŎȅ 

was reached. Once confluent, MSC medium was removed and replaced with 2mL per 

well of adipogenic induction medium  (DMEM high glucose, 1mg/mL Insulin, 10% FBS, 

1% Pen/strep). Control wells were incubated with standard MSC medium. After 3 days 

the medium was removed from each well and replaced with 2mL per well of adipogenic 

maintenance medium (DMEM high glucose, 1mg/mL Insulin, 10% FBS, 1% Pen/strep) or 

standard MSC medium (controls). This cycle of media changes was repeated until 3 

cycles of induction and maintenance medium were completed. For the cycle, cells were 

cultured in maintenance 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 and let stand for 5 minutes at room 

temperature. The stain was then discarded and washed by adding 2mL of 60% 

isopropanol (Sigma) to each well, swirling the plate. Wells were next rinsed with tap 

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

of this 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 a thin layer of water in order for 

images to be taken on an inverted light microscope. 

Following imaging, the water was removed and 500˃[ of 99% isopropanol (Sigma) was 

added to each well, rinsed several times over the surface of the well, and transferred to 

an eǇǇŜƴŘƻǊŦ ǘǳōŜΦ ¢Ƙƛǎ ǇǊƻŎŜǎǎ ǿŀǎ ǊŜǇŜŀǘŜŘ ǿƛǘƘ ŀ ǎŜŎƻƴŘ рлл˃ƭ ƻŦ фф҈ ƛǎƻǇǊƻǇŀƴƻƭΦ 

5ŜōǊƛǎ ǿŀǎ ǇŜƭƭŜǘŜŘ ōȅ ŎŜƴǘǊƛŦǳƎƛƴƎ ǎŀƳǇƭŜǎ ŀǘ рлл Ȅ Ǝ ŦƻǊ н ƳƛƴǳǘŜǎΦ нлл˃L of stain was 
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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 +/- SD. 

Osteogenesis 

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

ǎǘŀƴŘŀǊŘ a{/ ŎǳƭǘǳǊŜ ƳŜŘƛǳƳΦ /Ŝƭƭǎ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ŀǘ отɕ/Σ р҈ /hн, until confluency 

was reached. Once confluent, MSC medium was removed and replaced with 2mL per 

well of osteogenic medium (Iscoves MEM, 9% equine serum, 9% FBS, 1% Pen/strep, 1% 

L-glutamine, 50U/mL L-ǘƘȅǊƻȄƛƴŜΣ нлƳa ʲ ƎƭȅŎŜǊƻǇƘƻǎǇƘŀǘŜ, 50µM ascorbic acid 2-P, 

100nM dexamethasone). Control wells were incubated with standard MSC medium. 

Medium was changed every 2 days. Cells were harvested on day 10 (or before depending 

on cell confluence).  

Osteogenesis was determined by Alizarin Red Staining. A 2% Alizarin Red solution was 

prepared by dissolving 2g of Alizarin Red S in 100mL dH2O. This was mixed and 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 images were taken. 

2.4 /9[[ [Lb9{ 

Immune cell lines 

RAW 264.7 Macrophages are a BALB/c background macrophage cell line, which were 

ŘƻƴŀǘŜŘ ōȅ tǊƻŦΦ 9ƎŀƴΩǎ ƭŀōΦ w!² нспΦт ƳŀŎǊƻǇƘŀƎŜǎ were cultured in 

DMEM+Glutamax (Sodium pyruvate) (Gibco), supplemented with 1% 

penicillin/streptomycin (Sigma) and 10% fetal bovine serum (Fisher-Hyclone). 
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Tumour cell lines 

The CT26 mouse BALB/c colon carcinoma cell line was acquired from ATCC and cultured 

in DMEM medium (BioSciences-Gibco), supplemented with 1% penicillin/streptomycin 

(Sigma) and 10% fetal bovine serum (Sigma). For co-cultures incorporating irradiation, 

CT26 or stromal cells were resuspended at 1x104 per 100˃ [ of media and irradiated at 5 

grey to prevent proliferation without excessive DNA damage using the gamma irradiator 

(Mainance Millenium Sample Irradiator, Bioscience department UoG). 

HCT116 and HT29 human colorectal cancer cell lines were donated by Ms. Coralie 

Mureau and had been previously obtained from ATCC. Both cell lines were cultured in 

McCoys 5A medium (Sigma) and supplemented with 1% penicillin/streptomycin (Sigma), 

L-glutamine and 10% fetal bovine serum (Fisher- Hyclone). 

Cells were used within 15 passages from the master stock for all subsequent 

experiments.  

2.5 ¢¦ah¦wπ/hb5L¢Lhb95 {9/w9¢ha9 

To generate tumour-conditioned secretome (TCS), cancer cells were plated at specific 

densities determined by cell confluency; CT26 (1x106); MC38 (8x105); HCT116 (1.5x106); 

HT29 (2x106), in 25mls of media in a T175 flask for 72 hours. Secretome was collected 

and centrifuged at 1000 x g for 5 minutes. Supernatant was aliquoted and stored at -

80oC, the debris was discarded. For TNF-TCS, 100ng/mL of either mouse or human TNF-

ʰ όtŜǇǊƻǘŜŎƘύ ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ ¢мтрΣ нп ƘƻǳǊǎ ōŜŦƻǊŜ ǎŜŎǊŜǘƻƳŜ ŎƻƭƭŜŎǘƛƻƴΦ  
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Figure 2.1 The generation of tumour secretome. Cancer cell lines are seeded at the density 

selected for that cell type. Tumour cell secretome (TCS) is collected 72 hours later. For 

inflammatory secretome (TNF-TCS) TNF-ʰ ƛǎ ŀŘŘŜŘ ǘƻ ŎǳƭǘǳǊŜ нп ƘƻǳǊǎ ōŜŦƻǊŜ ŎƻƭƭŜŎǘƛƻƴΦ Image 

generated with Biorender. 

2.6 {¢wha![ /9[[ /hb5L¢LhbLbD 

Mouse BM-MSCs, were seeded at 3x104 cells per well in a 6-well plate. Human bone 

marrow stromal cells, (hMSCs), normal associated fibroblasts (NAFs), and cancer 

associated fibroblasts (CAFs) were seeded at 6x104 cells per well in a six well plate with 

2mL of appropriate culture medium. Following 24 hours (Day 1) of seeding, medium was 

removed and replaced with 40% fresh MSC medium and 60% of TCS or TNF-TCS. Cells 

were analysed at day 4 by flow cytometry. For extended conditioning cells were 

reseeded with fresh 40% MSC medium and 60% TCS or TNF-TCS on day 4 and day 7. 

NAFs and CAFs were not conditioned ex vivo. Cell phenotype was assessed by flow 

cytometry at day 4, 7 and 10 for the following markers; Murine ς SCA-1, CD90, CD73, 

CD105, CD80 and CD86; Human ς PDGFRb, Podoplanin, CD105, CD73, CD44, HLA-DR. 

 

 

 

 

 

Figure 2.2 The conditioning of murine BM-MSCs or hMSCs with tumour cell line secretome. 

MSCs were plated on day 0 and received TCS or TNF-TCS conditioning on day 1, 4 and 7. Cells 

were collected, and cell surface marker and ligand characterization was performed on day 10. 

Image generated with Biorender. 

2.7 {L![¸[¢w!b{C9w!{9 LbIL.L¢hw ¢w9!¢a9b¢ 

On day 4 of conditioning, stromal cells were collected and reseeded. Cells were allowed 

to adhere for 3 hours before medium was removed and replaced with 40% fresh MSC 

medium and 60% of TCS or TNF-TCS. 200˃M of 3Fax-Peracetyl Neu5Ac (Sigma) 
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sialyltransferase inhibitor (SI) was added. On day 7, cells were collected and reseeded 

with 40% fresh media, 60% TCS or TNF-TCS and 200˃M of the SI. Cell surface marker and 

ligand expression was assessed on day 4, 7 and 10 by flow cytometry. NAFs and CAFs did 

not receive ex vivo conditioning. NAFs/CAFs were seeded at 0.6x106 cells/well in 2mL of 

ŎƻƳǇƭŜǘŜ ƘǳƳŀƴ a{/ ƳŜŘƛŀΦ hƴŜ ƘƻǳǊ ŀŦǘŜǊ ǎŜŜŘƛƴƎ нлл˃a ƻŦ {L ǿŀǎ ŀŘƳƛƴƛǎǘŜǊŜŘ ǘƻ 

ŀǇǇǊƻǇǊƛŀǘŜ ǿŜƭƭǎΦ b!Cǎκ/!Cǎ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ŀƴŘ ǊŜǎŜŜŘŜŘ ǿƛǘƘ ŦǊŜǎƘ нлл˃a {L ƻƴ Řŀȅ 

3. Cell surface marker and ligand expression was assessed on day 6.  

 

 

Figure 2.3 The treatment regime for conditioned MSCs and primary NAFs/CAFs with the 

sialyltransferase inhibitor 3Fax-Peracetyl Neu5Ac. (A) MSCs were plated at day 0 and received 

TCS or TNF-TCS conditioning on day 1, 4 and 7. On day 4 and day 7 the appropriate cells received 

нлл˃a ƻŦ ǎƛŀƭȅƭǘǊŀƴǎŦŜǊŀǎŜ ƛƴƘƛōƛǘƻǊ 3Fax-Peracetyl Neu5Ac (SI). Cells were collected, and cell 

surface marker and ligand characterization was performed on day 10. (B) NAFs and CAFs did not 

receive ex vivo conditioning and received нлл˃a ƻŦ {L ƻƴŜ ƘƻǳǊ ŀŦǘŜǊ ǎŜŜŘƛƴƎ ƻƴ Řŀȅ л ŀƴŘ Řŀȅ 

3. Cells were collected, and cell surface marker and ligand characterization was performed on 

day 6. Image generated with Biorender. 
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2.8 wb! {9v¦9b/LbD 

The RNA sequencing analysis of MSCs +/- conditioning was carried out by Dr Grace 

hΩaŀƭƭŜȅ and outlined in Lynch et al 2020 [526]. In brief, BALB/c MSCs were cultured 

and conditioned with TCM for 72hrs as outlined above. RNA was isolated using Bioline 

Isolate II RNA mini kits (Qiagen). Purified RNA was sent to the sequencing company 

ArrayStarTM, and samples were sequenced using the Illumina Hiseq 4000. FPKM 

Fragments per kilobase of transcript per million mapped reads (FPKM) values were 

calculated and differential expression (DE) analysis was performed with the 

R/BiocoƴŘǳŎǘƻǊ ǇŀŎƪŀƎŜ .ŀƭƭƎƻǿƴ ǾнΦуΦпΦмлфΦ CtYa όҗлΦр ƳŜŀƴ ƛƴ ƻƴŜ ƎǊƻǳǇύ ǿŜǊŜ 

used to filter differentially expressed genes.   

2.9 C[h² /¸¢ha9¢w¸ !b![¸{L{ 

Cell suspensions were counted and plated at 100,000 cells/well in a v-bottom 96 well 

plate. For lectin and fc-chimera staining cells were first stained with the lectin or Fc 

chimera of interest for 20 minutes at 4oC in the dark. Cells were washed twice and 

stained with appropriate ǎŜŎƻƴŘŀǊȅΩǎ and/or cell surface markers for 15 minutes at 4oC 

in the dark. All stains were made in 50˃ [ of FACs buffer per well. Cells were washed x2 

with FACs buffer and resuspended in a final volume of 150ul. Sytox (Blue or AAdvanced) 

was added 5-10 minutes before the samples were run. Samples were run on either the 

CANTO II or the Cytek Northern Lights Cytometer. 

Table 2.1 Flow cytometry antibodies for stromal cell surface characterisation staining panel 
analysis 

Target Reactivity Fluorochrome Clone Cat # Supplier 

SNA ʰнΣс ǎƛŀƭƛŎ ŀŎƛŘ N/A  L-1300-5 Vector 

MAL ʰнΣо ǎƛŀƭƛŎ ŀŎƛŘ N/A  L-1260-2 Vector 

STREPAVIDIN Lectins PE  12-4317 eBioscience 

CD73 Anti-Mouse APC TV/11.8 127210 Biolgenend 

CD105 Anti-Mouse APC MJ7/18 120414 Biolegend 

SCA-1 Anti-Mouse  APC D7 108112 Biolegend 
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CD90.2 Anti-Mouse PE 30.H12 105307 Biolegend 

CD86 Anti-Mouse PE GL-1 105007 Biolegend 

CD80 Anti-Mouse PE 16-10A1 104708 Biolegend 

PD-L1 Anti-Mouse PE 10F.9G2 124308 Biolegend 

CD24 Anti-Mouse PE-Cy7 M1/69 101822 Biolegend 

CD47 Anti-Mouse Fitc Miap301 127504 Biolegend 

Siglec-E Fc 

chimera 

Siglec-E Ligands N/A  5806-SL-

050 

Biotechne 

IgG2a Anti-mouse PE RMG2a-62 407108 Biotechne 

Siglec-9 Fc 

chimera 

Anti-Human N/A  1139-SL-

050 

Biotechne 

Siglec-7 Fc 

chimera 

Anti-Human N/A  1138-SL-

050 

Biotechne 

CόŀōύΩн Anti-Human, CŎʴ 

fragment 

specific 

APC  109-136-

170 

Jackson 

Immuno 

Research 

PDGFR-  h Anti-Human PE-Cy7 16A1 323507 Biolegend 

PDGFR-  ̡ Anti-Human APC 18A2 323608 Biolegend 

Podoplanin Anti-Human PE-Dazzle NC-08 337028 Biolegend 

CD73 Anti-Human Pacific Blue AD2 344012 Biolegend 

CD105 Anti-Human PE-Cy7 43A3 323218 Biolegend 

CD44 Anti-Human BV785 BJ18 338834 Biolegend 

HLA-DR Anti-Human PE-Cy7 L243 307616 Biolegend 

 

2.10 b9¦w!aLbL5!{9 ¢w9!¢a9b¢ !b5 t5πм C/ /ILa9w! Lb/¦.!¢Lhb 

BALB/c MSCs were seeded at 3x104 in a 6-well plate with 2mL of fresh media. Cells were 

left to adhere for 24 hours before media was removed and replaced with 60:40 TCS/TNF-

TCS:Fresh media or control for a further 72 hours. Following 72 hours cells were washed, 

trypsinized, and pelleted. 1x106 pelleted cells received 0.1U/mL of neuraminidase 

ό±ƛōǊƛƻ ŎƘƻƭŜǊŀŜύόwƻŎƘŜύ ƻǊ ŎƻƴǘǊƻƭ ƎƭȅŎƻōǳŦŦŜǊ ό5ƻƴŀǘŜŘ ōȅ ǘƘŜ hΩ5ǿȅŜǊ ƭŀōΣ ¦ƻDύ ŦƻǊ 
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45 minutes at room temperature. Cells were washed and the neuraminidase containing 

supernatant was discarded. Confirmation of effective neuraminidase treatment was 

assessed by SNA I and MAL II lectin staining and flow cytometry.  

5x105 neuraminidase treated or control cells were incubated with the recombinant 

mouse PD-1 Fc chimera protein (Bio-Techne) at 1ug/mL for 15 minutes in the dark at -

4oC. Cells were washed, stained with a PE-conjugated anti-IgG1 antibody (Biolegend) 

and assessed by flow cytometry. 

2.11 ²9{¢9wb .[h¢¢LbD 

BALB/c tumour-conditioned cells and controls were trypsinised, counted and 

resuspended in 1X SDS PAGE lysis buffer at a concentration of 5x106 cells/mL on ice for 

5 minutes. Following this, cells were boiled at 100oC for a further 5 minutes, before being 

placed on ice for 2 minutes. Lysed samples were stored at -20oC until needed.  

Gels were prepared and the electrophoresis rig assembled. The rig was filled with 1L of 

ǊǳƴƴƛƴƎ ōǳŦŦŜǊ ŀƴŘ ол˃Ǝ ƻŦ ǘƘŜ ƭȅǎŜŘ ŎŜƭƭǎ ǿŀǎ ƭƻŀŘŜŘ ƛƴ ǘƘŜ ǿŜƭƭǎΦ Lƴƛǘƛŀƭƭȅ ǘƘe gel was 

run at 55V until the protein had migrated through the stacking gel, this voltage was then 

increased to 90V until the protein had reached the end of the gel. 

Once the protein had reached the end of the gel, the gel was washed in transfer buffer 

for 5 minutes, along with nitrocellulose membrane, filter paper and sponges. Following 

this the gel ΨsandwichΩ ǿŀǎ ŀǎǎŜƳōƭŜŘ ŀƴŘ ǘǊŀƴǎŦŜǊ ǿŀǎ Ǌǳƴ ŀǘ фл± ŦƻǊ фл ƳƛƴǳǘŜǎ ŀǘ пoC.  

¢ƘŜ ΨsandwichΩ ǿŀǎ ǘƘŜƴ ŘƛǎŀǎǎŜƳōƭŜŘ, and the membrane was blocked in 5% skimmed 

milk powder in 0.01% PBS/Tween for an hour at room temperature with gentle rocking. 

After blocking the membrane was incubated with 10mls of the primary antibody at 4oC 

overnight.  

The following morning the membrane was washed X3 for 5 minutes in PBS/0.01% 

Tween, before being incubated with 10mL of the appropriate horseradish peroxidase 

conjugated secondary antibody diluted in 5% w/v skimmed milk powder in PBS/0.01% 

Tween for an hour at room temperature with gentle rocking. Membranes were then 
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washed with PBS/0.01% Tween and followed with a PBS only wash. Imaging was 

performed using the LICOR Odyssey Fc Imaging system (Human Biology Building, UoG)  

Standards were made up in 5% w/v BSA in PBS/0.01% Tween.  

Densitometric analysis was performed using ImageStudio Lite. Molecular weight was 

assessed through the use of the retardation factor (Rf) and Graph Pad Prism v9.2. 

 

Table 2.2 Resolving gel 

Reagent Volume per gel 

H20 2ml 

30% acrylamide mix 1.7ml 

1.5 M Tris pH 8.8 1.3ml 

10% SDS 50˃ l 

10% APS 50˃ l 

TEMED 2 l˃ 

 

Table 2.3 Stacking gel 

Reagent Volume per gel 

H20 1.4ml 

30% acrylamide mix 330˃ l 

1M Tris pH 6.8 250˃ l 

10% SDS  20˃ l 

10% APS 20˃ l 

TEMED 2 l˃ 

 

Table 2.4 Primary and secondary antibody concentrations for western blotting 

Target Isotype Supplier Cat.No Dilution 

PD-L1 Rabbit IgG Cell signalling 60475 1/1000 

Anti-Rabbit HRP  Cell signalling 7074 1/2000 
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2.12 ah¦{9 {t[9bh/¸¢9 L{h[!¢Lhb 

BALB/c lymph nodes and spleens were harvested from healthy mice. Organs were 

mechanically disrupted, and single cell suspensions were obtained. Cells were placed in 

RPMI-1640 medium (Biosciences-Gibco), supplemented with 10% fetal bovine serum 

(Sigma), 1% penicillin/streptomycin (Sigma), 1% sodium pyruvate (sigma Aldrich), 1% 

nonessential amino acids (Gibco), 1% L-ƎƭǳǘŀƳƛƴŜ όDƛōŎƻύΣ лΦм҈ ʲ-mercaptoethanol 

(Sigma Aldrich) and washed. Cells were centrifuged at 400 x g for 5 minutes before 

erythrocytes were lysed using ammonium-chloride-potassium (ACK) buffer (Gibco) for 

5minutes on ice. ACK buffer was neutralized using ten times the volume of medium, and 

cells were washed and counted. Proliferation was assessed using the cell trace violet 

(CTV) method. Cells were stained with CTV using the Cell Trace Proliferation kit 

(Invitrogen). 1x107 splenocytes were suspended in 1mL of PBS and 0.25˃ l of CTV. Cells 

were protected from light and incubated at room temperature for 20 minutes, vortexed 

every five minutes. Fresh medium was then added, and cells were washed twice. Cells 

were activated using CD3/CD28 Mouse T-activator dynabeads (Gibco). 

2.13 ¢ /9[[ Laa¦bh{¦tw9{{Lhb !{{!¸ 

Cell contact immunosuppression  

 For immunosuppression assays, 0.1x106 activated CTV stained splenocytes or selected 

CD3 T cells were co-cultured with tumour secretome conditioned BALB/c BM-MSCs at a 

ratio of 1:10 BM-MSC:Splenocytes in a 96-well round bottom plate for 96 hours.  

For CD3 T cell only co-ŎǳƭǘǳǊŜǎ ǘƘŜ ΨaƻƧƻ{ƻǊǘTM aƻǳǎŜ /5о ǎŜƭŜŎǘƛƻƴ YƛǘΩ ό.ƛƻƭŜƎŜƴŘύ ǿŀǎ 

used ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊǎΩ ƛƴǎǘǊǳŎǘƛƻƴǎ. CD3+ T cells were positively selected for 

T cell specific co-cultures and included at a 1:10 ratio in co-cultures.  

For T cell immunoassays CT26 cells and BM-MSCs were irradiated, using a Mainance 

Millenium Sample irradiator (Biosceince department UoG), at 5Gy and included in co-

culture at 1:10 ratio as above. 
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Cell free immunosuppression 

Secretome was collected from CT26 cells +/- TNF- ,h and BM-MSCs +/- tumour 

conditioning 72 hours after plating. Secretome was centrifuged at 1000 x g for 5 minutes 

and pellet discarded. The secretome was included in 96 well co-culture plate with 

0.1x106 primary splenocytes (as in cell contact immunosuppressive assays) at a 50:50 

secretome to fresh T cell media ratio for 96 hours culture. 

2.14 !b![¸{L{ hC ¢ /9[[ twh[LC9w!¢Lhb !b5 {¦wC!/9 a!wY9w{ 

Following the 96 hour immunosuppression assay, the 96-well plates were centrifuged at 

400 x g for 5 minutes and the secretome was collected and stored in -80oC for further 

analysis. Cells were trypsinized and resuspended in FACS buffer (PBS supplemented with 

2% heat inactivated FBS and 0.05% of sodium azide) and washed twice. Cells were 

incubated with surface markers for 15 minutes in the dark at 4oC. Cells were washed 

twice in FACS buffer, viability dye was added, and cells were run on the CANTO II or the 

Cytek Northern Lights Cytometer. Proliferation was assessed by measuring the peaks of 

cell trace violet. Each peak represented one proliferative generation.  

 

 

 

 

 

 

 

Figure 2.4 T cell proliferation as measured by CTV staining and flow cytometry. 
T cells were stained with CTV before inclusion in co-culture systems. CTV can measure the 
proliferation of T cells based on dye dilution in the different generations. Unstimulated T cells 
act as a negative control, as the dye will be contained within the non-proliferative first 
generation. Stimulated T cells act as a positive control, with distinctive peaks identifying 
subsequent generations.   
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Table 2.5 Flow cytometry antibodies for splenocyte surface characterisation staining panel 
analysis 

Target Reactivity Flourochrome Clone Cat # Supplier 

CD3 Anti-mouse FITC 17A2 100204 Biolegend 

CD4 Anti-mouse PE-Cy7 GK1.5 100422 Biolegend 

CD8 Anti-mouse BV711 53-6.7 100748 Biolgend 

Proliferation Proliferating 

cells 

Cell Trace 

Violet 

N/A C34557 Invitrogen 

CD69 Anti-mouse PE/Dazzle H1.2F3 104536 Biolegend 

CD25 Anti-mouse BV605 PC61 102036 Biolegend 

Siglec-E Anti-mouse PE M1304A01 677101 Biolegend 

 

2.15 ¢ /9[[ /¸¢h¢h·L/L¢¸ !{{!¸{ 

Following the 96 hour splenocyte T cell assay, T cells were collected by removing the 

secretome and centrifuging cells at 400xg for 5 minutes. Cells were washed x2 in FACS 

buffer and placed in a 96-well round bottom plate. Viable CT26 cells were stained with 

Carboxyfluorescein succinimidyl ester (CSFE)(Invitrogen) and added to the 96-well plate 

with the CTV stained and stromal cell co-cultured and primed T cells in a 1:10 ratio 

(CT26:T cell). The plate was incubated for 16 hours at 37oC. After 16 hours, the 

secretome was collected, and cells were trypsinized before centrifugation. Sytox AAD 

was added to wells before assessing % death and cytotoxicity by flow cytometry.  
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Figure 2.5 Gating strategies to measure T cell cytotoxicity, as measured by the percent of 
CT26 cell death. 
Following co-culture with MSCs +/- conditioning +/- SI, CTV+T cells were collected and included 
in co-culture with CSFE+CT26 cells. CT26 cells were identified as CTV-CSFE+ cells and death was 
assessed using sytox positivity. Gating examples for (A) FMOs and (B) stimulated control.  

 

2.16 9[L{!{ π9b½¸a9 [LbY95 Laa¦bh{hw.9b¢ !{{!¸ 

ELISAs were performed on the secretome of the T cell cytotoxicity assay and the 

RAW264.7 macrophage phagocytosis assay. Secretome from these assays were 

collected, centrifuged at 800RCF to remove debris, aliquoted and stored in the -80oC for 

further analysis. Elisas used were ELISA MAXTM Deluxe Set Mouse IL-12/IL-23 (p40) 

(Biolegend) and the ELISA MAXTM Deluxe Set Mouse TNF-ʰ ό.ƛƻƭŜƎŜƴŘύΦ ELISAs were 

ŎƻƳǇƭŜǘŜŘ ŀǎ ǇŜǊ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ ŀƴŘ are described in brief here. 

96-well plates were coated with the capture antibody, washed with Tris Buffered Saline-

Tween (0.05% Tween) (TBS-T) and blocked with kit-specific diluent for 1 hour. Following 

this, standards and samples were plated neat and incubated at room temperature for 2 

hours on a plate shaker. The plate was washed, and the detection antibody was added 

for another hour. The plates were washed and avidin-HRP was added for 30 minutes. 

Plates were washed and the TMB substate was added for 15 minutes at room 
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temperature in the dark. Stop solution was added and absorbance was read at 570nm 

and 450nM.  Standards were generated using kit specific standards and assay diluent. 

Concentration range for TNF-ʰΥ рллǇƎκƳƭ-7.8pg/mL and control 0pg/ml. Concentration 

range for IL-12/IL-23 (p40): 500pg/ml-7.8pg/mL and control 0pg/ml. Calculations were 

performed using GraphPad Prism.  

2.17 w!²нспΦт th[!wL½!¢Lhb !b5 /hπ/¦[¢¦w9 

15,000 RAW264.7 macrophages were plated per well in a 96-round bottom plate (Co-

culture) or 96-flat bottom plate (Phagocytosis assay). 100˃[ of DMEM+Glutamax 

(Sodium pyruvate) (Gibco), supplemented with 1% penicillin/streptomycin (Sigma) and 

10% fetal bovine serum (Fisher-Hyclone) was added to each well. RAW264.7 

macrophages were incubated for 6 hours to allow for adherence. Cells were then 

washed and treated with 150µl fresh media (M0), 150µl 100ng/mL IFN-ʴ όtŜǇǊƻǘŜŎƘύ 

(M1) or 150µl 10ng/mL IL-13 and IL-4 (Peprotech) (M2) and were left to incubate 

overnight. Following overnight incubation M1 macrophages were washed and were 

treated with 150µl of 10ng/mL LPS (Sigma) for a further 4 hours. Following this, all 

macrophages (M0, M1, M2) were washed with PBS and were either stained for flow 

cytometry characterization (CD11b, MHC-II, PD-1, Sirp-ʰ ŀƴŘ /5нлсύ or included in a co-

culture assay as outlined in section 2.16. 

Table 2.6 Flow cytometry antibodies for RAW264.7 surface characterisation staining panel 
analysis 

Target Reactivity Fluorochrome Clone Cat # Supplier 

CD11b Anti-

mouse/Human 

APC-Cy7 M1/70 101225 Biolegend 

MHC-II (I-A/I-E) Anti-Mouse FITC M5/114.15.2

  

35-5321-

U500 

Tonbo 

PD-1 Anti-Mouse PE 29F.1A12 135205 Biolegend 

Sirp-  h Anti-Mouse PE-Cy7 P84 144007  Biolegend 

CD206 Anti-Mouse APC C068C2 141708 Biolegend 
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2.18 w!²нспΦт /hπ/¦[¢¦w9{  

Macrophage-MSC co-culture assay 

Polarized macrophages were washed with PBS and received 100˃ [ of fresh macrophage 

media. A further 100µl of fresh MSC media, which included 30,000 conditioned BM-

MSCs, was added to appropriate wells and left to co-culture for 72 hours. Upon 

completion of co-culture, cells were trypsinized for 3 minutes, washed and stained for 

characterization by flow cytometry. 

Macrophage-CT26 phagocytosis assay 

 Following the 72-hour macrophage-MSC co-culture, wells were washed with PBS and 

received fresh media. 10,000 frozen CTV-stained CT26 cells were then added to 

appropriate wells and the co-culture was left for a further 16 hours. Prior to the assay 

CT26 cells had been stained with CTV (Invitrogen) and frozen at -80oC for 1 hour. 

Following 16-hours cells were trypsinised, collected, washed, stained with CD11b and 

Sytox AAD, and ran on flow cytometry. Phagocytosis was defined as CD11b+ cells which 

had taken up CTV stained CT26 cells and now expressed CTV (CD11b+CTV+). 
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Figure 2.5 Schematic of phagocytosis assay and gating strategy to identify CD11b+CTV+ 
macrophages. Macrophages were co-cultured with conditioned stromal cells +/- SI 
pretreatment for 72 hours before dead CTV stained CT26 cells were included in the co-culture 
for a further 16 hours. Phagocytosis was measured as % CTV+CD11b+ cells (A) Schematic of 
macrophage phagocytosis assay. Macrophages, which had previously been in contact with 
stromal cells, were then included with CTV+ stained CT26 cells and % of uptake was measured 
24 hours later (B) Gating strategies for the identification of live CD11b+CTV+ macrophages after 
phagocytosis assay. Image generated with Biorender. 

 

2.19 Dw9L{{ !{{!¸ 

Greiss assays were performed on the secretome collected from the phagocytosis assay. 

The standards were generated from 50mM NaNO2, diluted with the appropriate media. 

Seven two-fold serial dilutions to produce standards for the standard curve was 

performed. Greiss reagent A (3g Sulfanilamide, 9mL Phosphoric acid, 291mL water) was 

added to reagent B (0.9g N-(1-Naphthy)ethylendiamine dihydrochloride, 9mL 
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phosphoric acid 291 mL water) in 1:1 ratio to generate reagent C. Standards and samples 

were added to flat-bottom 96 well plate, reagent C was then added. Absorbance was 

analysed immediately at 543nM. Calculations were performed using GraphPad Prism.  

2.20 Laa¦bhIL{¢h/I9aL/![ !b![¸{L{ hC I¦a!b /h[hw9/¢![ /!b/9w 

{!at[9{ 

Immunohistochemical analysis was performed by Professor Sean Hynes (Department of 

pathology, UCHG).  

Sections were taken from formalin fixed paraffin embedded (FFPE) tumour tissue blocks 

cut between 3-5 µM thick, with a rotary microtome. Sections were stained with 

haematoxylin and eosin. For immunohistochemistry, both CD3 (Thermofisher) and CD8 

(Dako) markers were used on the automated BondMax system (Vision Biosystems). The 

slides were scanned using an Olympus (VS120) scanner at 20X optical magnification. The 

scanned images were analysed as .VSI format files. Positive cell quantification in stroma 

and tumour cells were subsequently carried out using open source QuPath software 

[527] in a 10X field with standard settings for stains and with a threshold sensitivity of 

0.3. The identification of tumour/stroma was done manually by a consultant 

histopathologist prior to quantification. Three separate representative fields per section 

were assessed for both tumour and stroma at 10X magnification. 

2.21 I¦a!b t.a/ L{h[!¢Lhb 

Primary healthy human blood was centrifuged at 400 x g for 5 minutes. The supernatant 

was discarded, and the pellet was resuspended in ACK buffer for 5 minutes at room 

temperature before neutralization with FBS containing media. Cells were counted using 

the tryphan blue method and a hemocytometer. PBMCs were either frozen down in 

liquid nitrogen or used immediately for co-cultures. For immunosuppression assays, 

cells were stained with CTV using the Cell Trace Proliferation kit (Invitrogen). Cells were 

protected from light and incubated at room temperature for 20 minutes, vortexed every 



  

80 

 

five minutes. Media was added, and cells were washed twice. Cells were activated using 

CD3/CD28 Human T-activator dynabeads (Gibco). This research was approved by the 

local hospital ethics committee according to the requirements of Irish regulations, and 

it was conducted in accordance with the International Conference on Harmonization of 

Good Clinical Practice Guidelines and the principles of the Declaration of Helsinki. 

2.22 I¦a!b t.a/ /hπ/¦[¢¦w9 ²L¢I b!C{ !b5 /!C{ 

On day 0.6x104 NAFs/CAFs were seeded in a 6-well plate with 2mL of complete human 

MSC medium (RPMI  1640, 10%, FBS,  1%  sodium  pyruvate,  1% HEPES,  1%  L-glutamine,  

1%  pen/strep,  лΦм҈  ʲ-mercaptoethanol, 1ng/mL  FGF) and 200˃ M sialyltransferase 

inhibitor. Cells were collected and reseeded with fresh media and inhibitor on day 3. On 

day 6, NAFs and CAFs were collected, washed, and added to a round bottom 96-well 

plate at 1x104 cells/well. 1x105 stimulated CTV stained PBMCs were added, and the assay 

was incubated for 96 hours.  

CƻǊ ƘǳƳŀƴ /5о ¢ ŎŜƭƭ ǎƻǊǘƛƴƎ ǘƘŜ ΨaƻƧƻ{ƻǊǘTM IǳƳŀƴ /5о ǎŜƭŜŎǘƛƻƴ YƛǘΩ ό.ƛƻƭŜƎŜƴŘύ ǿŀǎ 

used. CD3+ T cells were positively selected for T cell specific co-cultures. 

Proliferation and cell surface expression was measured on the Cytek Northern Lights 

Cytometer. 

Table 2.7 Flow cytometry antibodies for PBMC surface staining panel analysis 

Target Reactivity Fluorochrome Clone Cat # Supplier 

CD4 Anti-Human PE-Dazzle OKT4 317448 Biolegend 

CD8 Anti-Human BV510 SK1 344732 Biolegend 

CD11b Anti-

Mouse/Human 

BV711 M1/70 101242 Biolegend 

CD56 Anti-Human PE-Cy7 5.1H11 362510 Biolegend 

Proliferation Proliferating 

cells 

Cell Trace 

Violet 

N/A C34557 Invitrogen 

Siglec-7 Anti-Human Vio-Blu N/A 130-100-

969 

Miltenyi 

Biotec 
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Siglec-9 Anti-Human Vio Bright FITC N/A 130-107-

607 

Miltenyi 

Biotec 

Siglec-10 Anti-Human PE N/A 130-117-

895 

Miltenyi 

Biotec 

PD-1 Anti-Human FITC EH12.2H7 329904 Biolegend 

Viability Dead cells Sytox AAD N/A S10349 Invitrogen 

 

2.23 Lb ±L±h ah¦{9 ah59[ hC /h[hw9/¢![ /!b/9w 

Tumours were induced in 8ς14-week-old BALB/c female mice by subcutaneous injection 

in the right flank of 5x105 CT26 cells +/- 1.5x105 MSCs (with previous in vitro pre-

conditioning) in a total volume of 100µl PBS. Each experimental group consisted of 5 

animals (15 animals in total in vivo set up). Tumour growth and weight was measured 

daily until sacrifice on day 13 post injection. At day 13, animals were euthanized using 

CO2 and cervical dislocation. Tumours were measured and harvested from the right flank 

and, where metastasis had occurred, the peritoneum. Tumour width and length was 

measured using digital callipers, and volume was calculated using the rational ellipse 

formula (M1^2xM2ȄˉκсύΦ {ǇƭŜŜƴΣ ŘǊŀƛƴƛƴƎ ƭȅƳǇƘ ƴƻŘŜ ŀƴŘ ƴƻƴ-draining lymph node 

were also harvested. Tumours developed in 3-5 animals of each experimental group. 

 
Figure 2.6 Schematic of in vivo set up. BALB/c mice received a subcutaneous injection of 5x105 

CT26 cells, 5x105 CT26 and 1.5x105 MSCTCS or 5x105 CT26 and 1.5x105 MSCTCS in their right flank 
on day 0. Mice were monitored, with weight and tumour size measured, daily before being 
sacrificed on day 13. Image generated with Biorender. 
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2.24 C[h² /¸¢ha9¢wL/ !b![¸{L{ hC ¢¦ah¦w Laa¦b9 LbCL[¢w!¢9 

Tumours were digested using the mouse tumour dissociation kit (Miltenyi Biotec 130-

096-730), according to kit guidelines. Spleens, draining lymph node, non-draining lymph 

node and any metastatic tumour tissue were mechanically disrupted, and single cell 

suspensions were obtained. Cells were placed in PBS and washed. Cells were centrifuged 

at 400 x g for 5 minutes before erythrocytes were lysed using ACK buffer for 5 minutes 

on ice. ACK buffer was neutralized using ten times the volume of media, cells were 

washed and counted, using the tryphan blue exclusion method. Cells were stained with 

markers of interest, outlined in table 2.3. For cell surface staining, cells were incubated 

for 15minutes at 4oC in the dark. Granzyme B required intracellular staining. Cells were 

first stained with zombie violet (Biolegend) for 10 minutes at room temperature, washed 

and stained with surface cell markers. Following cell surface staining cells were washed 

twice and fixed with 2% Fixation buffer (Biolegend) for 20 minutes, at room temperature 

in the dark. Cells were washed and then resuspended in intracellular buffer (Biolegend) 

and centrifuged at 600xg for 10 minutes, supernatant was discarded, and cells were 

centrifuged for a further 5 minutes in intracellular buffer. Granzyme B (Biolegend) stain 

was made up in intracellular buffer and stained for 15 minutes, 4oC, in the dark. Cells 

were washed twice, resuspended in 150µl FACs buffer and run on the cytek northern 

lights. 

Table 2.8 Flow cytometry antibodies for immune infiltrate characterisation staining panel 
analysis 

Target Reactivity Fluorochrome Clone Cat # Supplier 

CD45 Anti-Mouse BV510 30-F11 103138 Biolegend 

CD3 Anti-Mouse FITC 17A2 100204 Biolegend 

CD8 Anti-Mouse BV711 56.6.7 100748 Biolegend 

CD4 Anti-Mouse PE-Cy7 GK1.5 100422 Biolegend 

Sytox AAD Dead cells Sytox AAD  S10349 Invitrogen 

CD69 Anti-Mouse PE-Dazzle H1.2F3 104536 Biolegend 

CD25 Anti-Mouse BV605 PC61 102036 Biolegend 

Siglec-E Anti-Mouse PE M1304A01 677101 Biolegend 
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Granzyme 

B 

Anti-Human/Mouse PE QA16A02 372208 Biolegend 

Sytox Blue Dead Cells Sytox Blue N/A S34857 Invitrogen 

CD11b Anti-Mouse/Human BV421 M1/70 101236 Biolegend 

CD49b Anti-Mouse FITC HMa2 103504 Biolegend 

CD27 Anti-

Mouse/Rat/Human 

PE-Cy7 LG.3A10 124216 Biolegend 

CD206 Anti-Mouse PE-Dazzle C068C2 141732 Biolegend 

MHC-II Anti-Mouse PerCp-Cy5.5 M5/114.15.

2 

65-

5321-

U100 

TONBO 

biosciences 

Siglec-G Anti-Mouse BV605 SH1 745207 BD 

Bioscience 

Zombi 

Violet 

Dead Cells Zombi Violet N/A L34955 Invitrogen 

 

2.25  {¢!¢L{¢L/![ !b![¸{L{ 

Statistical analysis was performed using GraphPad® version 9 (La Jolla, CA, USA). Data 

ǿŀǎ ŀǎǎŜǎǎŜŘ ŦƻǊ ƴƻǊƳŀƭ ŘƛǎǘǊƛōǳǘƛƻƴ ǳǎƛƴƎ 5Ω!ƎƻǎǘƛƴƻςPearson omnibus normality 

test. Data sets with two groups were analysed using unpaired or paired t-test where 

appropriate and is noted in individual figure legends. Data sets with more than two 

groups were analysed by ordinary one-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ ǘƘŜ ¢ǳƪŜȅΣ ~ƝŘłƪΩǎ ƻǊ 

Dunnetts multiple comparison test where appropriate. Results were considered 

statistically significant at p < 0.05. n numbers are stated in figure legends for the 

individual experiments. 
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3. 9ȄǇƻǎǳǊŜ ƻŦ ǎǘǊƻƳŀƭ ŎŜƭƭǎ ǘƻ ǘǳƳƻǳǊ 

ǎŜŎǊŜǘƻƳŜ ƛƴŘǳŎŜǎ ŀƭǘŜǊŀǘƛƻƴǎ ƛƴ ŎŜƭƭ 

ǎǳǊŦŀŎŜ ǎƛŀƭƛŎ ŀŎƛŘ ǇǊƻŦƛƭŜ ƛƴ ƳǳǊƛƴŜ ŀƴŘ 

ƘǳƳŀƴ ƳƻŘŜƭǎ 
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3.1 Lb¢wh5¦/¢Lhb 

Patients with a high stromal ratio in the TME have worse overall survival rates and 

disease-free progression compared to patients with a lower stromal density (69% vs 

83.4% overall survival rate) [528-533]. Stromal cells are known to enhance multiple 

cellular mechanisms of tumour progression, including immunosuppression, although 

the exact mechanisms by which they regulate these effects in the TME are not fully 

understood [528, 534, 535]. Exploring and investigating potential pathways by which the 

stromal cells induce this immunosuppression could lead to novel methods of restoring 

the anti-tumour functions of the immune cells in the tumour; and consequently, may 

result in improved patient outcomes. Increasing our understanding of stromal cells and 

their mechanisms of immunosuppression in the TME is therefore critical for the 

development of novel cancer therapies. 

Sialylation is an essential process involved in embryonic growth, transmembrane 

signalling, molecule stabilization and neurodevelopment [267]. As well as regulating 

many other cellular processes, sialylation is crucial for the maintenance of immune 

homeostasis [267]. Sialic acids modulate the immune response through their binding by 

siglec receptors on immune cells, this binding initiates an inhibitory downstream 

signalling response, which suppresses immune cell activation [536]. Recent data shows 

that tumour cells are hypersialylated, which is an effective mechanism of tumour 

immune evasion [537]. The upregulation of sialic acid on the tumour cell surface 

prevents immune cells from recognizing them as malignant cells, permitting further 

tumour growth [537]. Targeting tumour sialyation has shown promising results, with 

improved immune infiltration and overall survival in mouse in vivo models [495].  

Considering the immunosuppressive properties of stromal cells, this thesis aimed to 

investigate if the tumour microenvironment could alter stromal cell sialylation 

expression, similar to what is seen with cancer cells, and if their sialylation profile played 

a role in their immunosuppressive properties. 

Utilizing lectins, such as SNA-I and MAL-II, which bind to and recognize the sialic acid 

sugars at the end of glycoconjugates, allowed the detection of overall sialic acid changes 
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on the cell surface of tumour conditioned stromal cells [487, 538]. While the use of siglec 

Fc chimeras provided insight into the levels of ligands for specific siglec receptors.  

Targeting sialylation on cancer cells has been shown to significantly improve the immune 

response and shows promise as a potential target to overcome immune resistance 

[400]. The use of the sialyltransferase inhibitor, 3Fax-Paracetyl Neu5Ac, non-

discriminately inhibits sialyltransferases and has been shown to enhance the infiltration 

of CD8+ T cells in in vivo murine pancreatic models [539]. This inhibitor was chosen for 

this study due to its non-discriminatory sialyltransferase inhibition, allowing for a stable 

and non-specific reduction in the levels of cell surface sialic acid. 

In this chapter the research focus was on the impact of the colorectal cancer tumour 

microenvironment on regulating the levels of sialic acid and siglec ligands on stromal 

cells.  Using multiple models, it was found that MSCs exposed to tumour secretome and 

ǇǊƛƳŀǊȅ /!Cǎ ƘŀŘ ŜƭŜǾŀǘŜŘ ƭŜǾŜƭǎ ƻŦ ʰнΣо ƭƛƴƪŜŘ ŀƴŘ ʰнΣс ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘ ŜȄǇǊŜǎǎƛƻƴΣ ŀǎ 

well as upregulated expression of siglec-E and siglec-9 ligands. The sialyltransferase 

inhibitor 3Fax-Paracetyl Neu5Ac could significantly reduce the sialylation profile of 

stromal cells, without effecting cell viability. PD-L1 was also identified as a potentially 

sialylated protein expressed on tumour-conditioned stromal cells.  

 

 

 

 

 

 

 

 

 



  

87 

 

3.2 w9{¦[¢{ 

3.2.1 TUMOUR CONDITIONING OF PRIMARY MOUSE STROMAL CELL INDUCES AN 

ENHANCED CELL SURFACE SIALIC ACID EXPRESSION  

To investigate the effects of tumour cell secretome exposure on stromal cell sialylation, 

an in vitro syngeneic co-culture system was established. Primary BALB/c BM-MSCs were 

cultured with CT26 colorectal cancer cell line secretome (in the presence and absence 

of an inflammatory stimulus TNF- )h and stromal cell surface sialic acid expression was 

assessed. Primary mouse BALB/c MSCs, as precursors to CAFs, were isolated and 

characterized [65]. Tumour secretome was collected from CT26 cells (TCS) and used to 

condition the stromal cells. To model the inflammatory CRC TME, CT26 cells were 

treated with TNF-ʰΣ and the secretome was collected and identified as TNF-TCS (Figure 

3.1 (A)). The CMS4 TME is defined by inflammation and colorectal cancer patients 

presenting with elevated serum concentration of the pro-inflammatory cytokine TNF-ʰ 

had poor survival outcomes [540]. One study found that patients with low serum levels 

of TNF-ʰ ƘŀŘ ŀ ƳŜŘƛŀƴ ǎǳǊǾƛǾŀƭ ǊŀǘŜ ƻŦ оуΦп ƳƻƴǘƘǎΣ ƘƻǿŜǾŜǊ, patients with high levels 

of TNF-ʰ ƘŀŘ ŀ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ǊŜŘǳŎŜŘ ǎǳǊǾƛǾŀƭ ǊŀǘŜ ƻŦ тΦт ƳƻƴǘƘǎ [541]. In contrast, 

healthy individuals have nearly undetectable levels of circulating TNF-ʰ [541, 542].  

Considering the presence of high levels of TNF-ʰ ƛƴ ŎƻƭƻǊŜŎǘŀƭ ŎŀƴŎŜǊΣ it was incorporated 

into our in vitro models by administering soluble TNF-ʰ ǘƻ ŎƻƭƻǊŜŎǘŀƭ ŎŀƴŎŜǊ ŎŜƭƭǎ ƛƴ 

culture. 

CT26 cells are a murine colorectal carcinoma cell line derived from BALB/c mice which 

are highly immunogenic [543] Cells were conditioned using a 60:40 ratio of tumour 

secretome to fresh media. 72 hours after conditioning, cells were harvested and RNA 

sequencing was used to identify changes in sialyltransferase expression in conditioned 

cells and h нΣс ŀƴŘ ʰнΣо ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘ ŜȄǇǊŜǎǎƛƻƴ ǿŀǎ determined using the lectins, 

SNA I and MAL II, and subsequent fluorescent staining for flow cytometry. Results are 

presented as relative fluorescent intensity (RFI), relative to the internal control in each 

experiment, controls have RFI of 1 for each biological replicate. RNA sequencing 

identified significant increases in ST3Gal1, ST3Gal3 (Figure 3.1 (B)(i)) ST6GalNac 4 and 
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ST6GalNac6 (Figure 3.1 (B)(ii)) in the various conditions 72 hours after conditioning (Day 

4) suggesting that these sialyltransferases may be differentially regulated in the TME 

and could be important for stromal cell sialylation. Sialic acid expression is not 

significantly upregulated at day 4 (Figure 3.1 (C)) but was at day 7, with sialic acid 

expression increasing in a time dependent manner (Figure 3.1 (D)). TCS conditioning 

ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƛƴŘǳŎŜŘ ʰнΣс ǎƛŀƭƛŎ ŀŎƛŘ ŜȄǇǊŜǎǎƛƻƴ (Figure 3.1 (D)(i)), whereas TNF-TCS 

ƛƴŦƭŀƳƳŀǘƻǊȅ ŎƻƴŘƛǘƛƻƴƛƴƎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƛƴŘǳŎŜŘ ʰнΣо ǎƛŀƭƛŎ ŀŎƛŘ ŜȄǇǊŜǎǎƛƻƴ (Figure 3.1 

(D)(ii)). This data shows that the CT26 tumour secretome does induce changes in stromal 

cell sialylation, suggesting that it could have an important role in stromal cells pro-

tumourigenic properties. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Tumour cell secretome, in the absence and presence of inflammation, significantly 
upregulates stromal sialic acid expression in a time dependent manner. Murine BM-MSCs were 
conditioned with tumour secretome +/- and inflammatory stimulus and the expression of 
sialyltransferase enzymes and cell surface sialic acid was assessed. (A) Schematic overview of 
MSC-conditioning regime using tumour cell secretome (TCS) or inflammatory TCS (TNF-TCS) 
from CT26 cells. (B) vǳŀƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ƪŜȅ όƛύ ʰнΣс ŀƴŘ όƛƛύ ʰнΣо ǎƛŀƭȅƭǘǊŀƴǎŦŜǊŀǎŜ wb! ǘǊŀƴǎŎǊƛǇǘǎ 
(FPKM) in MSCControl, MSCTCS and MSCTNF-TCS. (C) Relative fluorescent intensity of (iύ ʰнΣс-sialic acid 
ŀƴŘ όƛƛύ ʰнΣо-sialic acid on MSCs on day 4 of conditioning to MSCControl. (D) Relative fluorescent 
ƛƴǘŜƴǎƛǘȅ ƻŦ ƛύ ʰнΣс-ǎƛŀƭƛŎ ŀŎƛŘ ŀƴŘ όƛƛύ ʰнΣо-sialic acid on MSCs at day 7. Error bars mean +/- SD 
*p<0.05, **p<0.01, ***p<0.001 one way !bh±!Σ ¢ǳƪŜȅΩǎ tƻǎǘ IƻŎ ¢Ŝǎǘ; n=3/4 
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With the knowledge that h2,3 and h 2,6 linked sialic acid were differentially induced by 

tumour cell secretome, the next aim was to assess if this induction was due to 

stabilization of sialic acid on the cell surface or through regulation by sialyltransferases. 

Using the sialyltransferase inhibitor (SI), 3Fax-Peracetyl Neu5Ac, the most effective 

treatment regime to successfully reduce cell surface sialic expression was optimized 

(Figure 2). Conditioned MSCs were collected at day 4 and reseeded with fresh TCS or 

TNF-TCS and administered either 200˃M SI (Figure 2 (A)) or 400˃ M SI (Figure 2 (B)). 

After one treatment with 200˃ M SI, cells were reseeded and retreated with another 

dose of 200˃ M SI (Figure 2 (C)). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 Sialyltransferase treatment optimization schematic. (A) MSCTCS and MSCTNF-TCS 
conditionings on day 1 and were reseeded, retreated with TCS, TNF-TCS and 200˃ M of 
sialyltransferase inhibitor, 3Fax-Peracetyl Neu5Ac (SI) on day 4, sialic acid expression was 
assessed by flow cytometry on day 7. (B) MSCTCS and MSCTNF-TCS received conditions on day 1 
before reseeding, retreatment and 400˃ M of SI on day 4, sialic acid expression was assessed by 
flow cytometry on day 7 (C) MSCTCS and MSCTNF-TCS were conditioned on day 1, were reseeded, 
re-treated and received 200˃ M of SI on both day 4 and day 7, sialic acid expression was assessed 
by flow cytometry on day 10. Image generated with Biorender. 
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After conditioning, cell surface sialic acid expression was measured by flow cytometry. 

Non-tumour-conditioned MSCs were used as the experimental control (Figure 3.3). 

After one treatment of 200˃ M SI, ƴƻ ǎƛƎƴƛŦƛŎŀƴǘ ŘŜŎǊŜŀǎŜ ƛƴ ʰнΣс ǎƛŀƭƛŎ ŀŎƛŘ ŜȄǇǊŜǎǎƛƻƴ 

was observed (Figure 3.3 (A)(i)), although a ǎƛƎƴƛŦƛŎŀƴǘ ŘŜŎǊŜŀǎŜ ƛƴ ʰнΣо ǎƛŀƭƛŎ ŀŎƛŘ 

expression was observed (Figure 3.3 (A)(ii)). One 40лM˃ dose of SI was better able to 

ǊŜǾŜǊǎŜ ǘƘŜ ƛƴŘǳŎǘƛƻƴ ƻŦ ōƻǘƘ ʰнΣс ŀƴŘ ʰнΣо ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘ ǘƘŀƴ ǘƘŜ нллM˃ single dose 

(Figure 3.3 (B)(i)(ii)). However, the double treatment regime significantly reduced sialic 

acid expression in each condition and this treatment regime was used for all murine 

models from this point on (Figure 3.3 (C)(i)(ii)). 
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Figure 3.3 Sialyltransferase inhibitor significantly ǊŜŘǳŎŜǎ ʰнΣс ŀƴŘ ʰнΣо ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘ ƻƴ 
conditioned MSCs in a time dependent manner. Two doses of 200˃M SI was the optimal dose 
for cell surface salic acid reduction on CT26 conditioned stromal cells. MSCs +/- tumour 
conditioning were treated with varying doses of a sialyltransferase inhibitor and their sialic acid 
expression was assessed by flow cytometry. Representative bar graphs and histograms of (A) 
RFI (Relative to MSCControlύ ƻŦ όƛύ ʰнΣс ŀƴŘ όƛƛύ ʰнΣо ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘ ƻƴ MSCControl+SI, MSCTCS, 
MSCTCS+SI, MSCTNF-TCS and MSCTNF-TCS+SI treated with 200˃ M SI on day 4. (B) RFI (Relative to 
MSCControlύ ƻŦ όƛύ ʰнΣс ŀƴŘ όƛƛύ ʰнΣо ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘ ƻƴ MSCControl+SI, MSCTCS, MSCTCS+SI, MSCTNF-TCS 
and MSCTNF-TCS+SI treated with 400˃ M SI on day 4. (C) RFI (Relative to MSCControlύ ƻŦ όƛύ ʰнΣс ŀƴŘ όƛƛύ 
ʰнΣо ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘ ƻƴ MSCControl+SI, MSCTCS, MSCTCS+SI, MSCTNF-TCS and MSCTNF-TCS+SI treated with 
200˃ M SI on day 4 and day 7. Error bars are mean +/- SD *p<0.05, **p<0.01, ***p<0.001, 
****p< 0.0001 ƻƴŜ ǿŀȅ !bh±!Σ ¢ǳƪŜȅΩǎ tƻǎǘ IƻŎ ¢Ŝǎǘ; n=3-4 biological replicates.  
 
 

As sialic acid is involved in a myriad of functions, indiscriminately targeting 

sialyltransferases in conditioned MSCs could negatively impact their viability and cell 

size. To investigate the effects of targeting sialylation using the SI, stromal cell 
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phenotype, including cell morphology, using flow cytometry was assessed. Using light 

microscopy, it was shown that the administration of SI did not induce visible 

morphological changes in conditioned MSCs (Figure 3.4 (A)). SI treatment had no impact 

on MSC viability (Figure 3.4 (B)) or proliferation, as indicated by cell number counts at 

the end of treatment culture (Figure 3.4 (C)), in granularity and complexity (Figure 3.4 

(D)), or size (Figure 3.4 (E)). The extended incubation time with 200˃M of SI treatment 

was sufficient to significantly reduce sialic acid expression without negatively impacting 

stromal cell viability or phenotype, indicating that any changes in immunomodulatory 

potential is due to reduced sialyation.  

 
 

 
Figure 3.4 Analysis of stromal cell viability and cell size following extended conditioning with 
200˃ M SI treatment. The viability and morphology of stromal cells was assessed following 
tumour secretome conditioning. (A) Light microscope images of (i) MSCs, (ii) MSCTCS and (iii) 
MSCTNF-TCS +/- sialyltransferase inhibitor treatment. Bar chart of stromal cell (B) viability, (C) 
proliferation, (D) granularity and (E) size in response to sialyltransferase inhibitor treatment. 
Error bars mean +/- SD, One Way ANOVA, TukŜȅΩǎ tƻǎǘ IƻŎ ¢Ŝǎǘ ƴҐ3-4. 
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In addition to assessing the impact on morphology and viability, the expression of 

several characteristic stromal markers, including the positive stromal cell phenotype 

markers CD90 (Figure 3.5 (A)), CD73 (Figure 3.5 (B)), CD105 (Figure 3.5 (C)), and the 

negative markers CD80 (Figure 3.5 (D)) and CD86 (Figure 3.5 (E)) were assessed. There 

were no significant differences in expression with either conditioning or sialyltransferase 

inhibitor treatment, confirming that the SI inhibitor did not adversely affect stromal cell 

phenotype. 

 

Figure 3.5 Sialyltransferase inhibitor treatment did not significantly alter the expression of 
characteristic stromal cell markers within conditioned groups.  Stromal cell marker expression 
following tumour conditioning was measured by flow cytometry. Representative histograms and 
bar charts displaying median fluorescent intensity (MFI) for flow cytometric analysis of stromal 
cell surface markers at day 10 of extended conditioning regime +/- SI treatment. Positive (A) 
CD90, (B) CD73 and, (C) CD105 stromal markers and negative (D) CD80 and (E) CD86 stromal cell 
markers were assessed. Error bars mean +/- {5Σ hƴŜ ²ŀȅ !bh±!Σ ¢ǳƪŜȅΩǎ tƻǎǘ IƻŎ ¢Ŝǎǘ; n=4. 
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As stromal cells and CAFs are known to be potently immunosuppressive in the tumour 

microenvironment, the next experiment investigated whether tumour secretome 

conditioning +/- sialyltransferase inhibitor treatment altered the expression of 

immunomodulatory ligands which are known to suppress macrophage, NK and T cell 

activity (Figure 3.6). Macrophages are the most abundant immune cell type in the CRC 

TME, and improving our understanding of the ligands which induce a tumour promoting 

phenotype in macrophages may shed light on how we can repolarize the abundant 

macrophage population to improve the immune response [544].  In CMS4 patients, 

there is a high infiltrate of suppressed CTLs, by enhancing our understanding of the 

ligands which drive this suppression the development of novel targeting therapies may 

enhance the cytolytic functions of these CTLs [545]. The presence of NK cells in the CRC 

TME is associated with improved patient outcome and understanding how ligands in the 

TME can suppress NK functions improves our understanding of how the TME can 

influence NK immunosuppression [546]. In CRC, elevated levels of PD-L1 and CD47, and 

low expression of CD24 is associated with immunosuppression, metastasis, and poor 

survival; regulated by their inhibitory effect upon T cells, macrophages, and NK cells 

[547-549]. The aim of this experiment was to investigate if the expression levels of these 

ligands reflected what has been shown in cancer cells and if their expression is 

influenced by their sialylation profile. Stromal cells were conditioned and treated as in 

figure 3.2 (C)(i) and (C)(ii) and cell surface expression of immunomodulatory ligand 

expression was assessed by flow cytometry. Conditioning of stromal cells with CT26 TCS 

did not alter expression of the immunomodulatory ligands CD47 (Figure 3.6 (A)) or PD-

L1 (Figure 3.6 (C)) but did significantly reduce CD24 expression (Figure 3.6 (B)). 

Importantly, the treatment of these cells with SI did not induce a significant change in 

expression within the group (Figure 3.6 (A)(B)(C)). CT26 TNF-TCS conditioning of stromal 

cells significantly induced CD47 (Figure 3.6 (A)) and PD-L1 (Figure 3.6 (C)) expression 

and significantly decreased CD24 expression (Figure 3.6 (B)). SI treatment did not induce 

significant changes within the conditioned groups except for within the conditioning of 

CT26 TNF-TCS, where SI treatment significantly increased PD-L1 expression (Figure 3.6 

(C)). 
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Figure 3.6 Inflammatory tumour conditioning of stromal cells upregulated CD47 and PD-L1 
expression but reduced CD24. Ligand expression on murine stromal cells +/- conditioning was 
assessed by flow cytometry. Stromal cells were conditioned as previously described and the 
expression of CD47, CD24 and PDL1 was assessed by flow cytometry on day 10. Representative 
bar charts and histograms of flow cytometry analysis for immunomodulatory ligand expression 
shown as RFI (Relative to MSCControl) of (A) CD47 (B) CD24 and (C) PDL1 on MSCTCS, MSCTCS+SI, 
MSCTNF-TCS and MSCTNF-TCS+SI on day 10 of treatment. Error bars mean +/- SD *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001Σ hƴŜ ²ŀȅ !bh±!Σ ¢ǳƪŜȅΩǎ tƻǎǘ IƻŎ ¢Ŝǎǘ; n=4. 

 

 

3.2.2 STROMAL CELLS EXPRESS SIGNIFICANTLY HIGHER LEVELS OF 2,6 AND 2,3 

LINKED SIALIC ACID THAN COLORECTAL EPITHELIAL CELL LINES 

Evidence suggests that enhanced tumour cell sialic acid expression acts as a ΨǎƛŀƭƛŎ ŀŎƛŘ 

ǎƘƛŜƭŘΩ and has a known immunosuppressive protective role [333, 550]. Therefore, the 

aim was to investigate if stromal cells had an altered or increased sialic acid profile 

compared to colorectal cancer cell lines. BALB/c BM-MSCs were conditioned with CT26 

TCS or TNF-TCS treatment as described in figure 3.7 (A). As with previous experiments, 

CT26 cells were cultured, with or without TNF-ʰΣ to 80% confluency in T175 flasks and 

analysed 72 hours later (Figure 3.7 (A)). 2h,3 and h 2,6 sialic acids were detected using 

the lectins SNA I and Mal II on control and conditioned stromal cells and CT26 cells by 

flow cytometry. Siglec ligand expression was measured using Fc chimeras for specific 

siglec receptors, in this case siglec-E, the murine orthologue to human Siglec 7/9, was 

used. 
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Figure 3.7 Mouse stromal cells +/- tumour secretome conditioning had significantly higher 
ƭŜǾŜƭǎ ƻŦ ʰнΣс ƭƛƴƪŜŘ sialic acid. Sialic acid and siglec-E ligand expression was assessed on 
tumour-conditioned stromal cells and the CT26 cell line by flow cytometry. (A) Schematic of 
stromal cell treatment regime and harvesting of cells for flow cytometry analysis. Relative 
expression of (iύ ʰнΣс ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘΣ όiiύ ʰнΣо ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘ ŀƴŘ όiii) siglec E ligand on (B) 
CT26 cells relative to MSCTCS and (C) CT26+TNF-  hrelative to MSCTNF-TCS on day 10 of treatment. Error 
bars mean +/- SD *p<0.05, **p<0.01, ***pғлΦллмΣ ϝϝϝϝǇғлΦлллмΣ hƴŜ ²ŀȅ !bh±!Σ ¢ǳƪŜȅΩǎ tƻǎǘ 
Hoc Test; n=4. 
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 Mouse BALB/c MSCTCS and MSCTNF-TCS ƘŀŘ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƘƛƎƘŜǊ ƭŜǾŜƭǎ ƻŦ ʰнΣс ǎƛŀƭƛŎ ŀŎƛŘ 

than either CT26 cells or CT26-TNF-ʰ ŎŜƭƭǎ (Figure 3.7 (B)(i) and (C)(i)). There was no 

significant difference between conditioned stromal cells and epithelial cells regarding 

ŜȄǇǊŜǎǎƛƻƴ ƻŦ ʰнΣо ǎƛŀƭƛŎ ŀŎƛŘ (Figure 3.7 (B)(ii) and (C)(ii)), or siglec-E ligand (Figure 3.7 

(B)(iii) and (C)(iii)). Considering the potential immunomodulatory role of elevated 

sialylation on cancer cells, this data demonstrates that the sialylation profile of 

conditioned stromal cells may also play a role in their immunomodulatory function.  

To investigate if the enhanced expression of sialic acid and siglec ligands seen in the 

CT26 mouse model were conserved in human models, the sialic acid profile of human 

BM-MSCs conditioned with either secretome from the microsatellite stable, CMS3-like 

HT29 colorectal cancer cell line or the microsatellite instable, CMS1/CMS4-like HCT116 

colorectal cancer cell line. BM-MSCs were isolated from healthy human volunteers and 

characterized as suggested by the Mesenchymal and Tissue Stem Cell Committee of the 

International Society for Cellular Therapy. Three biologically independent MSC Donors 

(Donors 161, 162 and 163) were used in the following experiments. 
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Figure 3.8 HT29 TCS and TNF-TCS conditioned hBM-MSCs had significantly higher expression 
ƻŦ ʰнΣс ŀƴŘ ʰнΣо ƭƛƴƪŜŘ ŎŜƭƭ ǎǳǊŦŀŎŜ ǎƛŀƭƛŎ ŀŎƛŘ ǘƘŀƴ I¢нф ŎŜƭƭǎΦ HCT116 TCS and TNF-TCS 
conditioned hBM-MSCs had significantly higher expression of siglec-7 and -9 ligands than 
HCT116 cells +/- TNF- .h Sialic acid and siglec ligand expression was assessed on hMSCs +/- 
tumour conditioning and colorectal cancer cell lines by flow cytometry. (A) Schematic of 
experimental set up. Representative bar charts and histograms for flow cytometry analysis of 
sialic acid and ligands expressed as RFI (relative to hMSCControl) of (C)όƛύ ʰнΣс ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘ ŀƴŘ 
(ii) h нΣо ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘ (iii) siglec 7 Fc ligand and (iv) siglec 9 fc ligands on hMSCTCS, hMSCTNF-TCS, 
HT29 and HT29+TNF-ʰ  (C)(iύ ʰнΣс ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘ ŀƴŘ (ii) h нΣо ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘ acid (iii) siglec 7 Fc 
ligand and (iv) siglec 9 fc ligands on hMSCTCS, hMSCTNF-TCS, HCT116 and HCT116+TNF-ʰ cells.  Error 
bars mean +/- SD *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, One Way ANOVAΣ ¢ǳƪŜȅΩǎ tƻǎǘ 
Hoc Test; n=4. 
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Using the experimental set up outlined in figure 3.8 (A), sialic acid expression of primary 

hMSCs with either HT29 TCS/TNF-TCS conditioning (Figure 3.8 (B)) or HCT116 TCS/TNF-

TCS conditioning (Figure 3.8 (C)) was assessed. The conditioning of BM-MSCs with HT29 

TCS or TNF-TCS did not significantly alter their sialylation profile (Figure 3.8 (B)(i)(ii)). 

ʰнΣс ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘ was significantly higher on HT29 TNF-TCS conditioned hMSCs 

compared to the equivalent HT29-TNF-  hcells (Figure 3.8 (B)(i)) ŀƴŘ ʰнΣо ƭƛƴƪŜŘ ǎƛŀƭƛŎ 

acid was higher on both HT29 TCS and HT29 TNF-TCS hMSCs than the epithelial cell lines, 

HT29 and HT29-TNF-  h(figure 3.8 (B)(ii)).  When hMSCs were conditioned with HCT116 

TCS or TNF-TCS, no impact on their sialic acid profile was observed (Figure 3.8 (C)(i)(ii)) 

and their expression was similar to the epithelial cell line HCT116 +/- TNF-ʰΦ Using Fc 

chimeras, the expression of both siglec 9 and 7 ligands on these conditioned hMSCs and 

the epithelial cell lines was investigated. The conditioning of hMSCs with HT29 TCS or 

TNF-¢/{ ŘƛŘ ƴƻǘ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƛƴŎǊŜŀǎŜ ŜƛǘƘŜǊ ʰнΣо ƻǊ ʰнΣс ƭƛƴƪŜŘ ǎƛŀƭȅƭŀǘƛƻƴΣ ƛǘ ŀƭǎƻ ŘƛŘ 

not significantly increase the expression of ligands for siglec-7 or siglec-9 (Figure 3.8 

(B)(iii)(iv)).  

No clear trend was seen in overall ʰнΣс ƻǊ ʰнΣо ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘ ŜȄǇǊŜǎǎƛƻƴ ōŜǘǿŜŜƴ 

hMSCs and HCT116 cells (Figure 3.8 (C)(i)(ii)), however, this is not the case for the more 

specific siglec-7 and siglec- 9 fc chimeras (Figure 3.8 (C)(iii)(iv)). At baseline hMSCs 

expressed significantly higher levels of both siglec-7 ligand and siglec-9 ligands than 

HCT116 cells +/- TNF-ʰ (Figure 3.8 (C)(iii)(iv)).  HCT116 TCS conditioning significantly 

increased siglec-7 ligand expression on hMSCs, while HCT116 TNF-TCS conditioning of 

hMSCs increased their siglec-9 ligand profile. 

The HCT116 cell line is defined as MSI with a highly aggressive immunogenic phenotype, 

classified as CMS1/4 like, whereas HT29 is defined as MSS and more CMS3 like [551-

556]. Our research found that the secretome of the CMS4 like cell line induced changes 

in the sialylation prolife of the stromal cells, but the secretome generated from the 

CMS3 like cell line did not. Further research is required to investigate the mechanisms 

behind these changes. The upregulated siglec ligand expression seen here may indicate 

a previously unknown method by which CAFs regulate their immunosuppressive 

functions.  
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3.2.3 PRIMARY COLORECTAL CANCER ASSOCIATED FIBROBLASTS HAVE 

SIGNIFICANTLY HIGHER LEVELS OF SIALYLATION THAN THEIR PATIENT MATCHED 

NORMAL ASSOCIATED FIBROBLASTS 

The next aim was to investigate whether stromal cells exposed to the colorectal cancer 

TME had an altered sialylation profile compared to stromal cells which not directly 

exposed to the TME. Through collaboration with Prof. Sean Hynes and Dr. Aisling Hogan, 

primary colorectal cancer resections were acquired, and gross dissection was 

performed. Tissue was taken both from the tumour itself and a distance from the 

tumour. CAFs were isolated from the tumour sections, while NAFs were isolated from 

the tissue taken a distance from the tumour and both were expanded in culture (Figure 

3.9 (A)(B)(C)).  

 
Figure 3.9 Intestinal stromal cells were isolated from primary patient colorectal cancer 
resections. Schematic of intestinal stromal cell isolation and expansion. (A) Colon resections 
were removed from primary colorectal cancer patients. (B) iSCs were isolated from colon 
resections using dissociation kits and (C) expanded out for characterization and further 
experiments. 

 

The phenotype of the cultured stromal cells was confirmed based on adherence to 

plastic, their elongated shape (Figure 3.10 (B)(i)(ii)), and the presence of the markers 

t5DwwʲΣ tƻŘƻǇƭŀƴƛƴ, CD105, CD72 and CD44, as well as the absence of the marker HLA-

DR (Figure 3.10 (A)(i)-(vi)). 
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Figure 3.10 Confirmation of stromal cell and CAF lineage on intestinal stromal cells through 
cell surface flow cytometry. Stromal cell markers were assessed on NAFs and CAFs by flow 
cytometry. Representative histograms for flow cytometry analysis of NAFs and CAFs after 
isolation. Histograms of mean fluorescent intensity (MFI) of (i) PDGFR-ʲΣ όƛƛύ tƻŘƻǇƭŀƴƛƴΣ όiii) 
CD105, (iv) CD73, (v) CD44 and (vi) HLA-DR on NAFs and CAFs. (B) Light microscopy images of (i) 
CAFs and (ii) NAFs following isolation and culture, 4x magnification, scale bar 200µM. Error bars 
mean +/- SD Paired T test *p<0.05. 

 

 

Sialic acid expression on NAFs and CAFs was assessed using fluorescently labelled lectins 

and fc chimeras and levels were measured using flow cytometry. CAFs expressed 

ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƳƻǊŜ ƻŦ ōƻǘƘ ƻǾŜǊŀƭƭ ʰнΣс ǎƛŀƭƛŎ ŀŎƛŘ (Figure 3.11 (A)(i)) and siglec-9 ligands 

(Figure 3.11 (A)(iii)) than their patient matched control NAFs. However, there was no 

ǎƛƎƴƛŦƛŎŀƴǘ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ʰнΣо ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘ (Figure 3.11 (A)(ii)) or siglec-

7 ligands (Figure 3.11 (A)(iv)).  This indicates that ƘŜŀƭǘƘȅ άƴƻǊƳŀƭέ ŦƛōǊƻōƭŀǎǘǎ όb!Cǎύ 

which are exposed to the tumour microenvironment do undergo changes resulting in a 

significant upregulation of sialic acid on the cell surface, which may contribute to their 

immunosuppressive properties.  
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Figure 3.11 Stromal cells exposed to the tumour microenvironment had significantly higher ,6 
and siglec-9 ligand expression. Sialic acid and siglec ligand expression was assessed on primary 
NAFs and CAFs by flow cytometry. Representative bar charts and histograms for flow cytometry 
analysis of NAFs and CAFs after isolation. Relative fluorescent intensity (RFI) (compared to 
ǇŀǘƛŜƴǘ ƳŀǘŎƘŜŘ b!Cύ ƻŦ όƛύ ʰнΣс ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘΣ όƛƛύ ʰнΣо ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘΣ όƛƛƛύ ǎƛƎƭŜŎ ф ƭƛƎŀƴŘ 
and (iv) siglec 7 ligand. Error bars mean +/- SD *p<0.05, Paired T test; n=4-5. 
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3.2.4 PD-L1 AS A SIALYLATED LIGAND 

In section 3.3.1 it was observed that desialylated TNF-TCS conditioned MSCs expressed 

elevated levels of PD-L1 compared to their control (Figure 3.6 (C)). To investigate if PD-

L1 was sialylated and if its sialylation played a role in PD-1 binding. MSCTNF-TCS cells were 

treated with neuraminidase, which cleaves sialic acid from the cell surface, for 40 

minutes. These cells were then incubated with the PD-1 Fc chimera to assess if the Fc 

chimera had altered binding profiles when sialic acid was cleaved from the stromal cell 

surface (Figure 3.12 (A)(i)). The highly sialylated MSCTNF-TCS group had increased PD-1 Fc 

binding compared to the MSCControl, and that this binding was significantly reduced in 

the desialylated MSCTNF-TCS+Neuraminidase group (Figure 3.12 (A)(ii)). The engagement of PD-

1 on both T cells and macrophages inhibits their activation, resulting in suppressed anti-

tumour functions [557, 558]. The reduction of PD-1 Fc chimera binding seen in the 

desialylated group could indicate a reduced ability to suppress immune cell function, 

restoring the immune response. This knowledge could open up novel avenues of 

targeting and improve the response rate in patients traditionally considered anti-PD-

1/PD-L1 therapy resistant.  

The fold change in PD-L1 expression between conditioned stromal cells +/- 

neuraminidase treatment was assessed by western blot, and a representative western 

blot image is displayed highlighting the visual differences between bands (Figure 3.12 

(B)(i)(ii)). There was a shift in the size of the bands, assessed by densitometric analysis, 

for PD-L1 expression in the MSCTNF-TCS+neuraminidase group compared to MSCControl and 

MSCTNF-TCS (Figure 3.12 (B)(ii)(iii)). This size difference translated to a significant increase 

in the fold change of expression between groups (Figure (B)(iv)). The molecular weight 

of PD-L1 was also investigated and a significant shift in the molecular weight of MSCTNF-

TCS+neuraminidase cells was observed (Figure (B)(v)). This suggests that the neuraminidase 

cleave sialic acid from PD-L1, resulting in a lighter protein with a smaller molecular 

weight. This figure confirmed that PD-L1 is sialylated and that removing sialic acid 

enhances our ability to detect it by flow cytometry and western blotting.  
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Figure 3.12 Sialic acid is involved in PD-L1/PD-1 binding. Schematic of stromal cell conditioning, 
neuraminidase treatment, flow cytometry and western blotting protocols used.  (A) PDL1 
expression, assessed by flow cytometry and expressed as relative fluorescent intensity (RFI) 
compared to control BM-MSCs, on TNF-TCS conditioned BM-MSC treated with neuraminidase. 
(A)(i) Schematic of stromal cell conditioning, neuraminidase treatment, PD-1 Fc chimera 
incubation and flow cytometry protocol. (A)(ii) Relative fluorescent intensity of mPD-1 Fc 
chimera binding on MSC, MSCTNF-TCS, and MSCTNF-TCS+Neuraminidase assessed by flow cytometry. (B)(i) 
Schematic of stromal cell conditioning, neuraminidase treatment and western blot protocol. 
(B)(ii) Representative western blot image displaying the bands of different treatment groups. 
(B)(iii) Densitometric analysis of western blot bands and the (iv) fold change in expression of PD-
L1 in MSCTNF-TCS and MSCTNF-TCS+Neuraminidase compared to MSC control. (B)(v) The molecular weight 
of PD-L1 in the MSCTNF-TCS and MSCTNF-TCS+Neuraminidase groups. Error bars mean +/- SD *p<0.05, 
ϝϝǇғлΦлмΣ ϝϝϝǇғлΦллмΣ ϝϝϝϝǇғлΦлллмΣ hƴŜ ²ŀȅ !bh±!Σ ¢ǳƪŜȅΩǎ tƻǎǘ IƻŎ ¢Ŝǎǘ; n=4. 
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In this chapter it was shown that  

¶ The TME induces sialic acid on stromal cells, which is differently regulated by 

tumour cell inflammation. 

¶ Targeting sialyltransferases, using the sialyltransferase inhibitor 3Fax-Peracetyl 

Neu5Ac, significantly reduced sialic acid expression on stromal cells. 

¶ Stromal cells have higher levels of sialic acid and siglec ligand expression than 

epithelial cell lines. 

¶ ¢ǳƳƻǳǊ ŘŜǊƛǾŜŘ ǎǘǊƻƳŀ ƘŀǾŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƘƛƎƘŜǊ ƭŜǾŜƭǎ ƻŦ ʰнΣс ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘ 

and siglec-9 ligand than stroma derived from non-malignant tissue. 

¶ Stromal PD-L1 is sialylated and its sialylation profile can influence PD-1 binding. 
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3.3 5L{/¦{{Lhb 

In this chapter it was shown for the first time that stromal cells sialylation is differentially 

regulated by exposure to the TME. This thesis also demonstrated that sialic acid 

expression can be significantly inhibited using a pan sialyltransferase inhibitor, indicating 

that the effects are regulated through sialyltransferase activity.  RNA seq data validated 

that the STs modulated by tumour secretome are ST3Gal1, ST3Gal3, ST6GALNac4 and 

ST6GalNac6. Additionally, the stromal cell sialic acid profile is significantly higher than 

epithelial cancer cell lines, indicating its potential role in the TME and the regulation of 

tumour progression. Finally, using CAFS and NAFs from colorectal cancer fresh patient 

samples, it was found that stromal cells exposed to the tumour environment have a 

significantly increased sialylation and siglec ligand profile.  

Stromal cells exposed to tumour secretome have significantly increased ʰнΣс ƭƛƴƪŜŘ ǎƛŀƭƛŎ 

acid and siglec-E/-9 sialylation profiles. 

CAFs are highly immunosuppressive, tumour promoting stromal cells which are 

associated with a worse overall survival outcome, especially in CRC [559, 560]. Studies 

have found that completely eliminating stromal cells from the TME have detrimental 

consequences [474]. One pre-clinical study found that the non-specific depletion of FAP+ 

stromal cells resulted in significant cachexia and anemia [474]. Therefore the 

identification of CAF specific markers may be required before the depletion of CAFs from 

the TME becomes a valid therapeutic option. A more rational approach may be to 

identify tumour induced mechanisms of CAF immunosuppression and target these, so 

as to not impact normal stromal cells homeostatic functions. 

Targeting the immunosuppressive effects of the CAFs is an approach which has shown 

promising results. FAP+ CAFs are the main producers of CXCL12 in the TME; CXCL-12 

binds to CXCR4 and acts to stimulate tumour progression and metastasis [68, 561-563]. 

Using a model of pancreatic cancer, Feig et al. observed that the use of a CXCR4 inhibitor 

prevented CXCL-12 binding, promoted T cell infiltration and could act synergistically with 

anti-PD-1 to reduce tumour burden, which could potentially improve patients response 

to anti-PD-1 therapy in clinic, improving patient outcome [237]. Identifying previously 
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unknown mechanisms by which CAFs regulate their immunomodulatory effects will 

provide additional targets for cancer therapy. This thesis has shown, for the first time, 

that primary human CAFs of the CRC TME have elevated levels of hнΣс ƭƛƴƪŜŘ sialic acid 

and siglec-9 expression, which could provide novel targets for immunotherapies in clinic. 

If an elevated sialylation profile on stromal cells and CAFs within the TME this may allow 

for tumour specific targeting, as is seen with the elevated levels of HER2 in breast cancer 

[513]. Tumour specific targeting is a desirable goal as it can enhance the efficacy of the 

drug at the tumour site and reduce the potential for off-target adverse effects [564]. If 

the sialylation profile of CAFs within the tumour is significantly higher than the healthy 

epithelial and stromal cells surrounding the tumour, then this could prove to be a viable 

target to enhance the induction of a tumour specific immune response following 

immunotherapeutic treatment regimes.  

Sialylation of PD-L1 enhances its binding to the chimeric PD-1 receptor.  

PD-L1 upregulation on tumour cells is a well-known factor of tumour 

immunosuppression, and PD-L1 expression on CAFs has been confirmed as a negative 

prognostic factor in several cancers [565-568].  Interestingly, in stromal cells conditioned 

with inflammatory tumour secretome, PD-L1 expression was significantly upregulated. 

This effect was enhanced further following treatment of tumour-conditioned stromal 

cells with sialyltransferase inhibitor treatment. This result raises many compelling 

questionsΣ ǎǳŎƘ ŀǎΣ Ψ5ƻŜǎ ǎƛŀƭƛŎ ŀŎƛŘ Ƴŀǎƪ antibody binding sites on PD-L1 and thereby 

mask detection and bindingΩΣ ŀƴŘ ΨLǎ ǎƛŀƭƛŎ ŀŎƛŘ ǊŜǉǳƛǊŜŘ ŦƻǊ t5-[мǎ ƛƴƘƛōƛǘƻǊȅ ŦǳƴŎǘƛƻƴΚΩΦ 

If PD-L1 is sialylated and this sialylation profile contributes to ligand masking or 

supressed binding by anti-PD-L1 therapies, it may explain the low therapeutic response 

rate seen in some tumours.  

Novel research has shown that the glycosylation profile of PD-L1 is critical for its 

stabilization and immunomodulatory effects [569, 570]. Li et al. found that the half-life 

of PD-L1 is four times higher when it is in its glycosylated form (gPD-L1) compared to its 

non-glycosylated form (ngPD-L1) [569]. Glycosylation of PD-L1 prevents its degradation, 

prolonging the length of time it is expressed on the cell surface, enhancing its potential 
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to bind of PD-1 on CD8+ T cells [569]. Li et al. also found that glycosylation is required for 

PD-1/PD-L1 interactions, with a significant reduction in binding when PD-L1 was de-

glycosylated [569, 571]. They also confirmed that the glycosylation profile of PD-L1 

influences its immunomodulatory properties, with ngPD-L1 cells experiencing more T 

cell mediated apoptosis than gPD-L1 tumour cells [569, 571]. The development of 

antibodies specifically targeting the glycosylated isoform of PD-L1 may increase target 

specificity, enhance T cell function, and overcome therapy resistance. The de-

glycosylation of PD-L1 also improves its recognition by anti-PD-L1 antibodies enhancing 

its signal in bioassays.  This thesis found that PD-1 Fc chimeras have significantly reduced 

binding to its ligand on tumour-conditioned stromal cells which have received 

neuraminidase treatment. This suggests that sialylation may be critical for PD-1/PD-L1 

interactions and that desialylating PD-L1 could result in reduced immunosuppressive 

properties. This thesis provides evidence that PD-L1-sialidase conjugated therapeutics 

could be a beneficial approach in immunotherapy resistant patients. Sialidase should 

enhance immune function in conjunction with the anti-PD-L1 antibody, restoring an 

effective cytotoxic CD8+ T cell response [572].  

Further research into the role of PD-L1 sialylation is required and this knowledge could 

be important in the discovery of novel therapeutic targeting approaches.   

Stromal cells express significantly higher levels of ʰнΣс ƭƛƴƪŜŘ sialic acid than epithelial 

cancer cell lines. 

Hypersialylation of cancer cells is now an accepted hallmark of cancer progression and 

has been directly implicated in the immunosuppressive properties of cancer cells [537, 

573-575]. Sialylated ligands on cancer cells bind to siglec receptors on immune cells 

resulting in an inhibited immune response, for example, in multiple myeloma, cancer 

cells have been found to evade NK cell mediated killing through the upregulation of 

ligands for both siglec-7 and -9 [576, 577]. The high level of ʰнΣс ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘ ŀƴŘ 

siglec-9 ligands found to be expressed by non-conditioned stromal cells indicates that 

sialylation plays a critical role in their homeostatic properties, and this is also reflected 

in the fact that an extended treatment with the sialyltransferase inhibitor is required to 
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reduce expression. Therefore, it may be important to ensure that therapeutic 

approaches targeting sialylation on stromal cells are specific to CAFs in the TME, in order 

to reduce the chance of on-target adverse effects.  

Considering the high level of sialic acid and siglec ligands on CAFs, interactions with 

siglecs on immune cells in the TME is likely to occur and lead to immunosuppression 

through siglec interactions. In stroma rich tumours, including pancreatic and colorectal 

cancer, the stromal cells are the first point of contact of infiltrating immune cells, 

strongly influencing their functional outcome [235, 578-581]. CAFs secrete ECM 

components which cause immune cells such as T cells, to localize in the stroma and 

ōŜŎƻƳŜ ΨǎǘǳŎƪΩΣ ǳƴŀōƭŜ ǘƻ infiltrate into the tumour and perform their cytotoxic 

functions [582-584]. This provides increased opportunities for the CAFs to interact with 

and suppress immune cell functions and the co-expression of stromal and immune 

markers are associated with worse prognosis [585]. The high levels of sialic acid on the 

stroma likely results in increased siglec binding, inhibition of immune activation and 

promotes tumour progression.  Reducing or removing sialic acid from the stroma may 

allow for increased infiltration of immune cells into the tumour and enhanced 

cytotoxicity. This could be investigated using complex 3D and fluidic models, 

incorporating tumour cells, stromal cells and immune cells, assessing their interactions.  

This data shows, for the first time, that stromal cells and CAFs have differentially 

regulated sialylation profiles in the TME, and it was hypothesized that sialylation is a 

previously unknown mechanism by which CAFs can regulate their immunomodulatory 

functions. As CAFs have significant interactions with immune cells such as macrophages 

and T cells in the TME, expanding our knowledge on how they influence each other could 

provide information on novel pathways by which to target tumour immunosuppression. 

With the knowledge that stromal cell sialylation is upregulated when exposed to the 

TME and that this upregulation can be inhibited using a sialyltransferase inhibitor, the 

role of sialylation on stromal cells and if it contributes to their immunosuppressive 

properties could now be investigated.  
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Graphical abstract chapter 3. This chapter aimed to assess the sialylation profile of (A) 
MSCs exposed to tumour secretome and (B) CAFs and NAFs the primary CRC TME. (C) It 
also aimed to investigate if the expression of stromal cell surface expression of sialic 
acids and siglec ligands could be reduced using a sialyltransferase inhibitor. Image 
generated with Biorender. 
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4. {ƛŀƭȅƭŀǘƛƻƴ ŎƻƴǘǊƛōǳǘŜǎ ǘƻ ǘƘŜ 

ƛƳƳǳƴƻǎǳǇǇǊŜǎǎƛǾŜ ǇƻǘŜƴǘƛŀƭ ƻŦ ǎǘǊƻƳŀƭ 

ŎŜƭƭǎ ƛƴ ǘƘŜ ǘǳƳƻǳǊ ƳƛŎǊƻŜƴǾƛǊƻƴƳŜƴǘ 
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4.1  Lb¢wh5¦/¢Lhb 

In chapter 3 it was confirmed that sialylation is differentially induced on stromal cells 

exposed to the tumour environment compared to healthy stromal cells. It was also 

observed that tumour-conditioned stromal cells expressed significantly higher levels of 

sialic acid than epithelial cancer cell lines. Finally, CAFs isolated from the tumour were 

confirmed to maintain their tumour imprint, expressing significantly more sialic acid and 

siglec ligands than their healthy patient matched NAFs. Therefore, the aim of this next 

chapter was to investigate if the elevated sialylation profile of stromal cells and CAFs 

influenced their immunomodulatory properties. 

CAFs are the most abundant cell type in the colorectal cancer TME and play a major role 

in tumour progression, prognosis, and have also been implicated in modulating the 

immune response and shaping an immunosuppressive TME [98, 586-588]. Yavuz et al. 

discovered that CAFs recruit monocytes via MCP-1 and SDF-1 secretion and induce their 

differentiation towards a TAM phenotype [589]. Other studies have shown that CAFs 

recruit CD4+CD25+ T cells and promote their differentiation towards FoxP3+ Tregs 

through CXCL12 secretion [590]. In pancreatic tumours, CAFs have been found to 

suppress cytotoxic CD8+ T cell proliferation and induce their expression of exhaustion 

markers TIM3, LAG-3 and CTLA-4 [591]. Understanding the crosstalk between CAFs and 

immune cells in the TME is essential to overcome therapy resistance and enhance the 

immune response. This body of work aimed to identify previously unknown mechanisms 

by which CAFs regulate the immune response. As an upregulation of sialic acid on CAFs 

exposed to the TME was confirmed in chapter 3, further investigation into if their 

sialylation profile contributed to their immunosuppressive functions was performed.    

Aberrant sialylation is a well-established hallmark of cancer, with many sialyloglycans 

known to facilitate invasion, angiogenesis, and immunosuppression [537]. In melanoma, 

tumour infiltrating T cells were found to have upregulated levels of siglec-9, and this 

significantly inhibited cytotoxic functions of T cells once bound to siglec-9 ligands on 

cancer cells [460]. Sialylated MUC1 is known to polarize macrophages towards a TAM 

phenotype, which can be inhibited using a siglec-9 blocking antibody [398, 424]. In 
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ovarian cancer the presence of siglec-10 on TAMs suppressed their phagocytic function 

[431]. Dysregulated sialylation on tumour cells contributes significantly to their 

immunosuppressive functions and this thesis proposes that the sialylation profile of 

stromal cells and CAFs in the TME could be a previously unexplored method by which 

CAFs regulate their immune response. 

Several sialyltransferases are known to contribute to tumour progression. For example, 

ST6GAL2 is overexpressed in numerous cancers such as breast, ovarian, pancreatic, and 

prostrate, and is associated with tumour proliferation and metastasis [592-594]. 

ST8SIA2 overexpression is linked to metastasis in non-small cell lung cancer, and 

chemoresistance in acute myeloid leukemia [595, 596]. However, as the specific 

sialyltransferases responsible for the upregulation of sialylation in the conditioned 

stromal cells and CAFs in our model have not yet been identified, as such, this study 

elected to use the non-specific sialyltransferase inhibitor, 3Fax-Peracetyl Neu5ac. The 

use of this inhibitor allowed us to investigate if the overall expression of sialic acid on 

stomal cells could influence their immune modulating properties, without off-target 

desialylation occurring on the immune cells present in the co-culture systems. 

In this chapter it was shown for the first time that stromal cell sialylation can suppress T 

cell function, activation, and phenotype in vitro through cell-cell contact mechanisms. It 

was also found that stromal cell sialylation could influence both NK cell and macrophage 

phenotypes but not to the same extent as T cells. Inhibiting stromal cell sialylation 

reversed T cell suppression and exhaustion, representing a potentially novel target for 

restoring the immune response in stromal dense tumours. Targeting stromal cell 

sialylation, alone or on combination with other therapies, may provide novel strategies 

which could enhance immune activation in the TME.  
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4.2  w9{¦[¢{ 

4.2.1  THE SIALYLATION PROFILE OF STROMAL CELLS SUPPRESSES T CELL 

PROLIFERATION AND ACTIVATION  

CMS4 tumours are characterized by a high immune infiltrate, however, despite this, 

patients in this subtype have a poor overall survival rate [545]. These tumours are 

characterized by a highly suppressive immune landscape, with elevated levels of TGF-ʲΣ 

Tregs and TAMs [555, 597]. In many cases T cells exposed to a tumour can develop a 

dysregulated exhausted phenotype, expressing increased levels of TIM-3, LAG-3 and PD-

1 [598]. Exhausted tumour infiltrating T cells have suppressed proliferation, activation, 

and cytotoxic function [598, 599]. Published research has shown that stromal cells are 

highly immunosuppressive and can reduce T cell activation [65, 600-602].  To assess if 

stromal cells were more suppressive than their syngeneic cancer cell line, co-culture 

systems were designed to investigate their suppressive effects on primary T cells. CT26 

TCS/TNF-TCS BM-MSCs and CT26 +/- TNF-ʰ ŎŜƭƭǎ ǿŜǊŜ ǇƭŀǘŜŘ ƛƴ ŀ фс-well plate and co-

cultured with primary cell trace violet (CTV) stained, CD3/CD28 activated splenocytes 

for 96 hours, as outlined in Figure 4.1 (A) and (B). T cell proliferation and activation was 

investigated using multicolour flow cytometry, with gating strategies as shown in Figure 

4.1 (C). 

As CT26 are rapidly proliferating cells, both CT26 and BM-MSCs were irradiated at 5-

Gray (5Gy) in order to halt proliferation of these cells in the co-culture.  
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Figure 4.1 Schematic of co-culture assay set-up and flow cytometry gating (A) CT26 cells +/- 
TNF-ʰ ŀƴŘ .a-MSCs +/- conditioning were collected and placed in a 96 well plate. (B) 
Splenocytes isolated from healthy BALB/c mice were activated and stained with CTV before 
inclusion into the co-culture. (C) Flow cytometry gating strategy for primary splenocytes 
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Figure 4.2 Stromal cells suppressed T cell expression of CD25 and CD69 to a greater extent 

than epithelial CT26 cells +/-TNF- .h Tumour-conditioned stromal cells and CT26 cells were 
included in a co-culture with primary murine splenocytes. Following 96 hours of co-culturing T 
cells were removed and their proliferation and marker expression was assessed (A) Bar chart 
and representative histograms of CD4+ T cell proliferation (i) total percentage and (ii) greater 
than 3 generations of proliferation. Bar charts showing the median fluorescence intensity of 
the (iii) activation marker CD25 and the (iv) exhaustion marker CD69 on CD4+ T cells. (B) Bar 
chart and representative histograms of CD8+ T cell proliferation (i) total percentage and (ii) 
greater than 3 generations of proliferation. Bar charts showing the median fluorescence 
intensity of the (iii) activation marker CD25 and the (iv) exhaustion marker CD69 on CD8+ T 
cells. Error bars mean +/- SD *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, One Way ANOVA, 
¢ǳƪŜȅΩǎ tƻǎǘ IƻŎ ¢Ŝǎǘ; n=3 
 

 

CT26 cells significantly suppressed CD4+ and CD8+ T cell total proliferation compared to 

MSCTCS, while there was no significant difference between CT26TNF-ʰ cells and MSCTNF-TCS 

cells (Figure 4.2 (A)(i) and (B)(i)). CT26 cells significantly suppressed CD4+ T cell, but not 

CD8+ T cell, proliferation greater than three generations, compared to the MSCTCS group 

(Figure 4.2 (A)(ii) and (A)(ii)). There was no significant difference between the groups 

CT26+TNF-  h and MSCTNF-TCS in the suppression of proliferation greater than three 

generations for either CD4+ or CD8+ T cells (Figure 4.2 (A)(ii) and (B)(ii). CD25 marker 

expression was significantly suppressed on T cells cultured with MSCTCS and MSCTNF-TCS 
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compared to CT26 and CT26+TNF-ʰ respectively (Figure 4.2 (A)(iii) and (B)(iii)). CD25 is 

considered an activation marker, is upregulated around 24 hours after stimulation and 

plays a key role in IL-2 recognition [603]. The significant suppression in CD25 expression 

may suggest an inactivated T cell phenotype (Figure 4.2 (A)(ii) and (B)(ii)). CD69 is an 

early activation marker. Its expression in T cells declines 12 hours after activation, 

however, elevated expression beyond this timepoint indicates an over-stimulated 

exhausted T cell phenotype [604]. Recent research has shown that anti-CD69 antibody 

treatment results in enhanced anti-tumour response [605-607].  In this case, CT26 and 

CT26+TNF-ʰ induced significantly higher levels of CD69 on stimulated T cells compared to 

MSCTCS and MSCTNF-TCS (Figure 4.2 (A)(iv) and (B)(iv)).  

Tumour-conditioned stromal cells, MSCTNF-TCS, were as effective at suppressing CD4+ T 

cell and CD8+ T cell proliferation as CT26+TNF-ʰ epithelial cells but are not as suppressive 

as CT26 cells alone (Figure 4.1 (A)(i)(ii) and (B)(i)(ii)). Both CT26 and CT26+TNF-ʰ cells 

induced elevated levels of CD25 (Figure 4.2 (A)(iii) and (B)(iii)) and CD69 (Figure 4.2 

(A)(iv) and (B)(iv)) on activated T cells compared to T cells cultured with MSCTCS or 

MSCTNF-TCS suggesting different mechanisms of T cell suppression.  

 

4.2.2  STROMAL CELL IMMUNOSUPRESSION IS CELL-CELL CONTACT DEPENDENT 

Mesenchymal stromal cells are known to secrete a variety of factors such as cytokines 

and chemokines, including IDO and TGF-ʲ ǿƘƛŎƘ ǎǳǇǇǊŜǎǎ ¢ ŎŜƭƭ ǇǊƻƭƛŦŜǊŀǘƛƻƴ  [608-611]. 

To examine the effects of cell-cell contact versus secreted factors on T cells, a co-culture 

experiment was established to compare the effects of stromal cells and stromal cell 

secretome on T cell proliferation and activation marker expression. The secretome of 

MSCTCS and MSCTNF-TCS was collected, and cell debris was removed through 

centrifugation. Cell trace violet (CTV) stained, CD3/CD38 activated splenocytes were 

cultured with 50% T cell media and 50% control MSC media or secretome of 

MSCTCS/MSCTNF-TCS cells. Conditioned stromal cells were also harvested and plated in a 

96-well plate and co-cultured with primary CTV stained, CD3/CD28 activated 

splenocytes for 96 hours, as outlined in Figure 4.3 (A) and (B). T cell proliferation and 
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activation was investigated using multicolour flow cytometry, with gating strategies as 

shown in Figure 4.1.  

MSCTCS and MSCTNF-TCS cells significantly inhibited both CD4+ and CD8+ T cell proliferation 

compared to cell secretome, with MSCTNF-TCS cells having the most suppressive effect on 

total proliferation (Figure 4.3 (C)(i) and (D)(i)). MSCTCS and MSCTNF-TCS cells also 

significantly reduced the expression of the activation marker CD25 on both CD4+ and 

CD8+ T cells, however, there was no significant difference in CD25 expression on CD4+ or 

CD8+ T cells exposed to cell-cell contact compared to cell free secretome (Figure 4.3 

(C)(ii) and (D)(ii)). Interestingly, MSCControl secretome significantly increased the 

expression of the activation marker CD25 compared to MSCcontrol cells. (Figure 4.3 (C)(ii) 

and (D)(ii), respectively). CD69 expression on both CD4+ and CD8+ T cells was 

significantly suppressed upon culture with MSCControl, MSCTCS and MSCTNF-TCS cells (Figure 

4.3 (C)(iii) and (D)(iii)). No significant difference was seen in CD69 expression on CD4+ T 

cells or CD8+ T cells when exposed to MSCTCS cells compared to their secretome or on 

CD4+ T cells exposed to MSCTNF-TCS cells versus their secretome (Figure 4.3 (C)(iii) and 

(D)(iii). However, there was a significant difference seen in the expression of CD69 on 

CD8+ T cells exposed to MSCTNF-TCS cells compared to their secretome, with cell contact 

significantly suppressing expression compared to secretome alone (Figure 4.3 (D)(iii)).  

The secretome of MSCControl did not significantly affect CD69 in either CD4+ or CD8+ T cells 

(Figure 4.3 (C)(iii) and (D)(iii)). This data confirms that tumour-conditioned stromal cells 

+/- inflammation suppress both CD4+ and CD8+ T cell proliferation and activation in a cell 

contact dependent manner.  
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Figure 4.3 Tumour-conditioned stromal cell suppressed CD4+ and CD8+ T cell proliferation and 
CD25 and CD69 expression in a contact dependent manner. CTV stained, activated splenocytes 
were incubated with conditioned stromal cells or control, or their secretome for 96 hours. 
Proliferation and activation markers were assessed by flow cytometry (A) Schematic displaying 
the conditioning of BM-MSCs and the generation of MSC secretome (B) Schematic of T cell 
immunosuppression assay system. (C)(i) Bar charts exhibiting the total percent of proliferating 
CD4+ T cells, median fluorescent intensity of (ii) activation marker CD25 and the (iii) exhaustion 
marker CD69 on CD4+ T cells when exposed to MSCControl, MSCTCS and MSCTNF-TCS or their 
secretome. (D)(i) Bar chart of total percentage of CD8+ T cell proliferation, (ii) the median 
fluorescence intensity of the (ii) CD25 and the (iii) CD69 on CD8+ T cells when exposed to 
MSCControl, MSCTCS and MSCTNF-TCS or their secretome. Striped bars indicate cell-free secretome. 
Error bars mean +/- SD *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, Two Way ANOVA, 
¢ǳƪŜȅΩǎ tƻǎǘ IƻŎ ¢Ŝǎǘ; n=3.  
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4.2.3 STROMAL CELL SIALYLATION INDUCES AN EXHAUSTED T CELL PHENOTYPE, 

AND SUPPRESSES PROLIFERATION AND CYTOTOXIC ABILITY 

Next, the impact of sialylation on stromal cell mediated immunosuppression was 

assessed. Since increases in silayltransferase expression in tumour-conditioned stromal 

cells was observed, a pan sialyltransferase inhibitor (SI) was used to assess whether 

targeting sialyltransferase activity could reduce cell surface expression of sialic acids.   

MSCTCS, MSCTNF-TCS and MSCcontrol +/- SI pretreatment were plated in a 96-well plate and 

co-cultured with primary cell CTV stained, CD3/CD28 activated splenocytes for 96 hours. 

T cell proliferation and activation was investigated using multicolour flow cytometry, 

with gating strategies as shown in Figure 4.1. SI pretreatment was performed as shown 

in figure 3.2 C, and efficacy was confirmed by flow cytometry as shown in figure 3.3 C 

(i) and C (ii). 

MSCTNF-TCS significantly suppressed both CD4+ and CD8+ total proliferation, and this 

effect was significantly reversed in MSCTNF-TCS + SI (Figure 4.4 (A)(i)(ii)). MSCTNF-TCS cells 

significantly suppressed the expression of the activation marker CD25 and induced the 

expression of CD69 and siglec-E, a sialic acid receptor and the murine orthologue to 

Siglec-7/-9, on CD8+ T cells (Figure 4.4 (C)(i)(ii)(iii)). SI pretreatment of MSCTNF-TCS did not 

affect their ability to suppress CD25 expression CD8+ T cells but did significantly restore 

CD8+ T cell expression of CD69 and siglec-E (Figure 4.4 (C)(i)(ii)(iii)).  

These data indicates that stromal cells exposed to the inflammatory TME are 

immunosuppressive and that tumour-conditioned stromal cells inhibit T cell 

proliferation and induce an exhausted T cell phenotype. The inhibition of sialic acid 

expression on tumour-conditioned stromal cells (MSCTNF-TCS+SI) significantly inhibited 

their ability to suppress T cell proliferation and activation, validating the hypothesis that 

stromal cell sialylation plays an important role in their immunosuppressive abilities.   
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Figure 4.4 Conditioned BM-MSCs significantly suppressed T cell proliferation and activation 
which was reversed with sialyltransferase inhibition. CTV stained, activated splenocytes were 
incubated with conditioned stromal cells or control +/- SI pre-treatment for 96 hours. 
Proliferation, and T cell subsets were assessed by flow cytometry. (A) Bar charts for total 
proliferation of (i) CD4+ and (ii) CD8+ splenocytes with representative histograms (B-C) Bar charts 
displaying median fluorescent intensity (MFI) for flow cytometric analysis of the T cell surface 
markers (i) CD25, (ii) CD69 and (ii) siglec E on (B) CD4+ and (C) CD8+ splenocytes. Striped bars 
represent cells which received prior SI treatment. Error bars mean +/- SD *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001Σ hƴŜ ²ŀȅ !bh±!Σ ¢ǳƪŜȅΩǎ tƻǎǘ IƻŎ ¢Ŝǎǘ; n=3. 
 

In a mixed splenocyte co-culture system, it is not possible to determine if the stromal 

cells are acting directly or indirectly on the T cells. It could be that the siglec ligands 

expressed on the stromal cells are interacting with siglec receptors expressed on 

dendritic cells, for example. This interaction could modulate dendritic cell activation and 

interfere with antigen presentation and T cell priming [612]. To test if the effects 

observed following co-culture were direct, CD3+ T cells were isolated from cell 

suspensions and their proliferation and activation following a co-culture with 

conditioned stromal cells was investigated. 
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Stromal cells significantly suppressed T cell proliferation in the CD3+ sorted MSC co-

culture experiment Figure 4.5 (A)(i)(ii)). This reduction in T cell proliferation was 

comparably more evident in this sorted culture than in the mixed splenocyte co-culture 

(Figure 4.4 (A)(i)(ii)). Pre-treatment of MSCTCS and MSCTNF-TCS with the sialyltransferase 

inhibitor was able to restore CD4+ and CD8+ T cell proliferation (Figure 4.5 (A)(i)(ii)). 

The expression of the activation marker CD25, was significantly reduced on CD4+ cells 

when exposed to MSCControl and MSCTNF-TCS, and the pre-treatment of MSCTNF-TCS with SI 

significantly restored the levels of CD25 (Figure 4.5 (B)(i)). Although CD25 levels were 

not significantly reduced on CD8+ T cells cultured with stromal cells, MSCTNF-TCS+SI 

expressed significantly higher levels on CD8+ T cells than MSCTNF-TCS (Figure 4.5 (C)(i)). 

Interestingly, there was no significant effect on the expression of CD69 on either CD4+ 

or CD8+ T cells (Figure 4.5 (B)(ii) and (C)(ii), which was seen in the mixed splenocyte co-

culture (Figure 4.4 (C)(ii)), potentially indicating an indirect effect which requires the 

presence of other immune cells, such as dendritic cells or macrophages. Siglec-E 

expression is significantly increased on both CD4+ and CD8+ T cells exposed to MSCControl, 

MSCTCS and MSCTNF-TCS (Figure 4.5 (B)(iii) and (C)(iii)). Sialyltransferase inhibitor pre-

treatment did not induce a significant reduction in siglec-E expression (Figure 4.5 (B)(iii) 

and (C)(iii)) as was seen in the mixed splenocyte co-culture (Figure 4.4 (C)(ii)). 

In conclusion the sialylation profile of tumour-conditioned stromal cells directly 

regulated CD4+ and CD8+ T cell phenotype, resulting in suppressed proliferation and 

CD25 expression, and an upregulation of the expression of the immunosuppressive 

receptor siglec-E. These effects could be reversed by pre-treatment with a 

sialylatransferase inhibitor, confirming that the immunosuppressive effects of stromal 

cells on T cell activation and proliferation is sialylation dependent.  
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Figure 4.5 Conditioned MSCs directly suppressed CD3+ T cell proliferation and activation which 

was reversed with sialyltransferase inhibition. CD3+ T cells were positively selected from single 
cell splenocyte suspension, stained with CTV and activated by CD3/CD28. CD3+ T cells were 
included in co-culture with conditioned stromal cells or control +/- SI pre-treatment. T cell 
proliferation and activation was assessed by flow cytometry 96 hours later. (A) Bar charts for 
total proliferation of CD3+ sorted (i) CD4+ and (ii) CD8+ with representative histograms (B-C) Bar 
charts displaying median fluorescent intensity (MFI) for flow cytometric analysis of the T cell 
surface markers (i) CD25, (ii) CD69 and (ii) siglec-E on (B) CD4+ and (C) CD8+ T cells.  Striped bars 
indicated stromal cells which received prior SI treatment. Error bars mean +/- SD *p<0.05, 
ϝϝǇғлΦлмΣ ϝϝϝǇғлΦллмΣ ϝϝϝϝǇғлΦлллмΣ hƴŜ ²ŀȅ !bh±!Σ ¢ǳƪŜȅΩǎ tƻǎǘ IƻŎ ¢Ŝǎǘ; n=3 technical 
replicates 

 

 

To test the cytotoxic function of T cells, T cells which had been cultured with tumour-

conditioned stromal cells +/- SI treatment or control stromal cells, were removed from 

the MSC co-culture and then included into a co-culture with CT26 cells. Their ability to 

induce CT26 cell death was assessed by flow cytometry.  
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Figure 4.6 The sialylation profile of MSCTNF-TCS significantly influenced T cell cytotoxicity. 
Following 96 hour co-culture with conditioned stromal cells or control +/- SI pretreatment, T 
cells were collected and cultured with CSFE stained CT26 cells for a further 16 hours. Cells 
were collected and death was assessed by flow cytometry (A) Gating strategies used to analyse 
cell death in CT26 cells cultured with primed T cells. CT26 cells were identified based on CTV 
negativity and CSFE positivity. Representative gating strategies from (i) FMOs and (ii) 
stimulated T cell control. Cell death was measured using sytox AAD staining. (B) Bar chart of 
CT26 death following exposure to primed T cells. Striped bars indicated T cells which were 
cultured with stromal cells which had received SI treatment Error bars mean +/- SD *p<0.05, 
**p<0.01, **ϝǇғлΦллмΣ ϝϝϝϝǇғлΦлллмΣ hƴŜ ²ŀȅ !bh±!Σ ¢ǳƪŜȅΩǎ tƻǎǘ IƻŎ ¢Ŝǎǘ; n=4 
 

T cells which had previously been co-cultured with stromal cells +/- SI treatment had a 

significantly suppressed ability to induce CT26 cell death (Figure 4.6 (B)). However, there 

was a significant increase in the percentage of CT26 cell death when T cells had been 

previously cultured with MSCTNF-TCS+SI compared to MSCTNF-TCS (Figure 4.6 (B)). This 

indicates that the sialylation profile of stromal cells can influence the cytotoxic potential 

of T cells, and this could be assessed further by investigating the levels of granzyme B 

within the secretome of this cytotoxicity assay. 
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Figure 4.7 T cells exposed to MSCTNF-TCS secreted significantly increased levels of TNF-ʰ 
compared to control. Induction was significantly reversed with pretreatment of MSCTNF-TCS 
with SI. Supernatant from the cytotoxicity co-culture in figure 4.6 was assessed by ELISA. (A) 
ELISA analysis of TNF-ʰ ƭŜǾŜƭǎ ƛƴ ǘƘŜ ǎǳǇŜǊƴŀǘŀƴǘ ŦǊƻƳ ǘƘŜ ŎȅǘƻǘƻȄƛŎƛǘȅ ŀǎǎŀȅΦ 5ŀǘŀ ŜȄǇǊŜǎǎŜŘ ŀǎ 
pg/ml. Error bars mean +/- SD *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, One Way ANOVA, 
¢ǳƪŜȅΩǎ tƻǎǘ IƻŎ ¢Ŝǎǘ; n=3 
 

TNF-ʰ ƛǎ ŀ ǇǊƻ-inflammatory cytokine whose expression is elevated in colorectal cancer 

[541, 613, 614]. Elevated TNF-ʰ ƛƴ ǘƘŜ /w/ ¢a9 ƛǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ƛƴŎǊŜŀǎŜŘ metastasis, 

invasion, tumour proliferation and suppressed cytotoxic CD8+ T cell activation [615-618]. 

This ELISA was performed on the secretome of the cytotoxicity assay in figure 4.6. In 

conditions with T cells and CT26 cells only, a low level of TNF-ʰ ǿŀǎ ŘŜǘŜŎǘŜŘ ƛƴ ǘƘŜ 

secretome (Figure 4.7 (A)). In conditions where activated T cells were exposed to 

stromal cells +/- conditioning, before co-culture with CT26 cells, there was a significant 

upregulation in TNF-ʰ ŜȄǇǊŜǎǎƛƻƴΦ  (Figure 4.7 (A)). In conditions where T cells were 

cultured with conditioned stromal cells pretreated with the sialyltransferase inhibitor, 

MSCTCS+SI and MSCTNF-TCS+SI, before culture with CT26 cells, there was significantly lower 

levels of TNF-ʰ ǇǊŜǎŜƴǘ (Figure 4.7 (A)).    

While this ELISA cannot determine which cells are secreting the TNF-ʰΣ ǘhese data 

indicate that the sialylation profile of stromal cells influences TNF-ʰ ƭŜǾŜƭǎ in a co-culture 

system.  
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4.3.4 STROMAL CELL INDUCE A TAM PHENOTYPE IN MACROPHAGES THAT IS 

INDEPENDENT OF STROMAL CELL SIALYLATION 

Macrophages can comprise up to about 50% of the tumour microenvironment and are 

negatively correlated with overall survival [619]. Macrophages within the tumour are 

often described as tumour associated macrophages or TAMs [619]. Both tissue resident 

macrophages and recruited macrophages exposed to the TME can be polarized towards 

the tumour promoting TAM phenotype, which is now recognized as a unique population 

separate from the M1-like inflammatory and M2-like wound healing phenotype [620]. 

M2-like macrophages are also tumour promoting and share many markers with TAMs, 

such as the expression of CD206 and the secretion of IL-10 and TGF-  ̡[620]. For the 

purpose of this thesisΣ aл ƳŀŎǊƻǇƘŀƎŜǎ ŀǊŜ ŘŜŦƛƴŜŘ ŀǎ ΨƴŀƠǾŜΩ ǳnpolarized recruited 

macrophages, M1-like are defined as anti-tumour and M2-like are defined are pro-

tumour and representative of TAMs. Polarized macrophages (M0, M1, M2) (Figure 4.8 

(A)) were cultured with conditioned BM-MSCs +/- SI pretreatment and their marker 

expression was investigated by flow cytometry after co-culture (Figure 4.8 

(B)(C)(D)(E)(F)). The expression of CD206, a well-defined M2/TAM marker, was assessed 

and MSCTNF-TCS cells induced a significant increase in expression on M0 macrophages 

(Figure 4.8 (C)). MSCControl, MSCTCS, and MSCTNF-TCS significantly suppressed the 

expression of SIRP-ʰ ƛƴ ōƻǘƘ aл ŀƴŘ aм ƳŀŎǊƻǇƘŀƎŜǎ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ƳŀŎǊƻǇƘŀƎŜǎ 

cultured alone (Figure 4.8 (D)). SIRP-ʰ ƛǎ ŀƴ ƛƴƘƛōƛǘƻǊȅ ǊŜŎŜǇǘƻǊΣ ǿƘŜƴ ƛǘ ōƛƴŘs to the 

CD47 ligand it results in reduced phagocytosis [567]. The suppression seen seems 

counterintuitive, as a reduction in an inhibitory receptor could imply an increase in 

phagocytosis. The expression of PD-1 and MHC-II are unaffected on the co-cultured 

macrophages (Figure 4.8 (E) and (F)). 
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Figure 4.8 MSCTNF-TCS induced CD206 on M0 macrophages and MSCControl, MSCTCS and MSCTNF-TCS 
cells significantly suppressed SIRP-ʰ ŜȄǇǊŜǎǎƛƻƴ ƻƴ ōƻǘƘ aл ŀƴŘ aм ƳŀŎǊƻǇƘŀƎŜǎ. 
Macrophages were polarized and included in a 72 hour co-culture with conditioned stromal cells 
or control +/- SI pretreatment. Macrophage marker expression was assessed by flow cytometry.  
(A) Schematic of macrophage polarization for M0 to M1 or M2. (B) Flow cytometry plots of 
gating strategies for macrophages in co-culture. Representative histograms and MFI bar charts 
for (C) CD206, (D) Sirp-ʰΣ όE) PD-1 and, (F) MHC-II expression on M0, M1 and M2 macrophages 
after co-culture with MSCControl. MSCTCS, MSCTNF-TCS +/- SI pre-treatment. Error bars mean +/- SD 

ϝǇғлΦлрΣ ϝϝǇғлΦлмΣ ϝϝϝǇғлΦллмΣ ϝϝϝϝǇғлΦлллмΣ hƴŜ ²ŀȅ !bh±!Σ ¢ǳƪŜȅΩǎ tƻǎǘ IƻŎ ¢Ŝǎǘ ƴҐо. 
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This data indicates that inflammatory tumour-conditioned stromal cells, MSCTNF-TCS, can 

induce a more TAM like phenotype in RAW264.7 macrophages, upregulating CD206 

expression and suppressing SIRP- .h This M2-like polarization is independent of the 

sialylation profile of the stromal cells.   

Macrophage phagocytosis is significantly suppressed in the colorectal cancer TME and 

restoring the phagocytic potential of macrophages is an effective method to restore 

cancer immunity and tumour clearance [621, 622]. The use of anti-CD47 antibodies is a 

clinically approved method in haematological cancers for the restoration of 

phagocytosis [623-625]. This has been proven to effectively restore the anti-tumour 

phagocytic potential of macrophages in the TME, improving patient outcome and 

survival [623-625]. To investigate if stromal cells suppressed RAW264.7 cells ability to 

phagocytose cancer cells, and if this ability was influenced by their sialylation profile, a 

phagocytosis assay was developed. Phagocytosis was defined as the percent of CTV 

positivity expressed by CD11b+ macrophages, indicating uptake of CTV+ CT26 cells.  

 

Inflammatory tumour-conditioned stromal cells, MSCTNF-TCS, significantly suppressed the 

phagocytic potential of M1-polarized, but not naïve M0 or M2 polarized RAW264.7 

macrophages, in this experimental model (Figure 4.9 (A)-(C)). The pretreatment of 

stromal cells with a sialyltransferase inhibitor significantly restored the phagocytic 

potential of the M1-like RAW264.7 macrophages, suggesting that the suppression 

observed is partly sialylation dependent and targeting this interaction in vivo may 

enhance tumour clearance (Figure 4.9 (B)).  
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Figure 4.9 Tumour-conditioned stromal cells significantly suppressed M1 polarized RAW264.7 
cells phagocytic ability in a sialylation dependent manner. Macrophages were co-cultured with 
conditioned stromal cells +/- SI pretreatment for 72 hours before dead CTV stained CT26 cells 
were included in the co-culture for a further 16 hours. Phagocytosis was measured as % 
CTV+CD11b+ cells following 16 hour incubation with CTV+CT26 cells. The percent of CD11b+CTV+ 
(A) M0, (B) M1, and (C) M2 macrophages after 16 hour culture with CTV+ CT26 cells. Error bars 
mean +/- SD *p<0.05 One Way ANOVA ōŜǘǿŜŜƴ a˒ ŀƭƻƴŜΣ a{/TCS and MSCTNF-TCS, ¢ǳƪŜȅΩǎ tƻǎǘ 
Hoc Test. #p<0.05   Paired t-test between MSCTCS and MSCTCS+SI, and MSCTNF-TCS and MSCTNF-TCS+SI; 
n=3. 

 

 
In addition to analysing the phagocytic potential of macrophages exposed to stromal 

cells, their secretome was also collected and the expression of various cytokines and 

small molecules was assessed. The secretome was included in a Griess assay to assess 

levels of nitric oxide (NO). NO can exhibit both pro- and anti-tumourigenic properties, 

and it generally accepted that macrophages initially secrete high levels of NO to induce 

tumour cell apoptosis but as the tumour develops these macrophages are conditioned 

to secrete lower levels, enhancing tumour growth [626].  In figure 4.10 A, there was a 

downward trend in the levels of NO in wells which contained macrophage alone controls 

compared to wells where macrophages had been previously exposed to stromal cells 

(Figure 4.10 (A)(ii)). However, there is no significant change in NO levels for either M0, 
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M1 or M2 macrophages regardless of prior exposure to MSCControl, MSCTCS, or MSCTNF-TCS 

cells (Figure 4.10 (A)(i)(ii)(iii)). The sialylation profile of the conditioned stromal cells did 

not have any effect on the level of NO present (Figure 4.10 (A)(i)(ii)(iii)). 

An ELISA was performed to investigate levels of the p40 subunit, a component shared 

by both IL-12 and IL-23 [627]. The secretion of the pro-inflammatory cytokine IL-12 by 

macrophages results in the activation of NK cells, as well as the differentiation of naïve 

T cells towards an anti-tumour Th1 phenotype [627, 628]. In contrast, the secretion of 

IL-23 by macrophages promotes tumour growth and metastasis [627, 628].  IL-12/IL-23 

(p40) expression was significantly upregulated in the secretome of the phagocytosis 

assay of wells which contained M0-like and M1-like macrophages cultured with 

inflammatory tumour-conditioned stromal cells (Figure 4.10 (B)(i)(iii)). While it is not 

possible to discriminate between IL-12 and IL-23 in this ELISA, considering the 

established immunosuppressive effects of stromal cells on macrophages, it is likely that 

the upregulation of the p40 subunit can be attributed to increased IL-23 levels. The 

sialylation profile of the conditioned stromal cells did not influence levels of IL-12/-23, 

suggesting that sialic acid is not necessary for this immunosuppressive effect.  
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Figure 4.10 IL-12/-23(p40) expression was significantly upregulated in the secretome of co-
cultures which incorporated M0 or M2 macrophages, MSCTNF-TCS and CT26 cells compared to 

controls, which was independent of their sialylation profile. Macrophages were cultured with 
conditioned stromal cells or control +/- SI pretreatment for 72 hours, before CT26 cell were 
included for a further 16 hours. Following the 16 hours the assay, secretome was collected and 
levels of nitric oxide (NO), IL12/IL23 and TNF-ʰ ǿŀǎ assessed by griess assay or ELISA. (A) NO 
levels detected by Griess assay expressed in µM/ml, secreted by control and stromal cell primed 
(i) M0, (ii) M1 and (iii) M2 macrophages after 24hour phagocytosis assay (B) IL-12/IL-23 (p40) 
levels detected by ELISA, expressed in pg/ml, secreted by control and stromal cell primed (i) M0, 
(ii) M1 and (iii) M2 macrophages after 24hour phagocytosis assay (C) TNF-ʰ ƭŜǾŜƭǎ ŘŜǘŜŎǘŜŘ ōȅ 
ELISA, expressed in pg/ml, secreted by control and stromal cell primed (i) M0, (ii) M1 and (iii) 

M2 macrophages after 24hour phagocytosis assay. Error bars mean +/- SD *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001 n=3/4. 
 

TAMs contribute significantly to the elevated levels of TNF-ʰ ǇǊŜǎŜƴǘ ƛƴ ǘƘŜ ¢a9 ŀƴŘ 

elevated TNF-ʰ ƭŜǾŜƭǎ have been found to promote cancer cell proliferation and 

metastasis [629-631]. The secretome of M0 and M2 macrophages cultured with 

unconditioned MSCControl cells prior to inclusion in the phagocytosis assay, had 

significantly higher expression of TNF-ʰ ǘƘŀƴ ƳŀŎǊƻǇƘŀƎŜǎ ŀƭƻƴŜ (Figure 4.10 (C)(i)(iii)). 

Interestingly, in all cases it seems that macrophages exposed to tumour-conditioned 






































































































































