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3. Abstract 

The tumour microenvironment (TME) nurtures a tolerant microenvironment consisting of 

various immunosuppressive factors, which thwart potent anti-tumour immune responses to 

favour tumour progression and hinder response to therapy. Tumour progression is dependent 

on the balance between anti- and pro-tumour factors within the TME and can be facilitated by 

infiltration of leukocytes, such as myeloid-derived suppressor cells (MDSCs) and regulatory T 

cells (Tregs), which release various immunosuppressive factors and express inhibitory signals 

for T cell activation called immune checkpoints (ICs). Moreover, tumour cells exploit IC 

pathways via interactions between inhibitory IC molecules on tumour-resident T cells and IC 

ligands secreted by tumour cells/antigen presenting cells; these are recurrently upregulated in 

the TME of various malignancies to attenuate T cell responses. As presented in the set of works 

here, we performed comprehensive investigations on the immune constituents of the TME of 

colorectal cancer (CRC) and breast cancer (BC) tissues in order to decipher their roles in 

tumour progression. Flow cytometric analysis was performed on peripheral blood samples and 

tumour tissue, as well as paired adjacent, non-tumour samples, from CRC and BC patients to 

enable comprehensive phenotypic characterization of myeloid cells and investigate IC and 

Treg-related marker expression in both the periphery and TME. We found high IC expression 

and accumulation of highly immunosuppressive MDSCs and Tregs in CRC and BC TME, with 

varying prognostic significance. Moreover, we also reported that pharmacological IC blockade 

did not affect Treg phenotype or function. Furthermore, we performed transcriptomic profiling 

of tumour-infiltrating myeloid cells from CRC patients with varying disease stages and 

identified a unique gene signature which could be used as an independent prognostic indicator 

for survival in CRC patients. Overall, this work has provided important insights into the 

immunosuppressive factors at play within the TME in both CRC and BC, which can guide and 

refine therapeutic targeting approaches for these cancers.  
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6. Abbreviations 
§ ARG-1 : Arginase-1  
§ BC : Breast cancer  
§ BLCA : Bladder carcinoma 
§ BL1 : Basal-like 1 
§ BL2 : Basal-like 2 
§ BLIA : Basal-like immune-activated 
§ BLIS : Basal-like immunosuppressed  
§ BRCA : Breast carcinoma  
§ Bregs : Regulatory B cells  
§ BTLA : B- and T-lymphocyte 

attenuator  
§ CAC : Colitis-associated cancer  
§ CAFs : Cancer-associated fibroblasts  
§ CAR T cells : Chimeric antigen 

receptor T cells  
§ cHL : Classic Hodgkin lymphoma  
§ CIMP : CpG island methylator 

phenotype  
§ CIN : Chromosomal instability  
§ CIRC : Coordinate Immune 

Response Cluster 
§ CMP : Common myeloid progenitor  
§ CMS : Consensus molecular 

subtypes  
§ COAD : Colon adenocarcinoma  
§ CRC : Colorectal cancer  
§ CSC : Cancer stem cell  
§ CTC : Circulating tumour cell  
§ CTLA-4 : Cytotoxic T-lymphocyte-

associated protein  
§ CTLs : Cytotoxic T lymphocytes  
§ DAMPs : Damage-asscociated 

molecular patterns 
§ DC : Dendritic cells  
§ DCIS : Ductal carcinoma in situ  
§ DFS : Disease-free survival  
§ dMMR : DNA mismatch repair 

deficiency 
§ DSS : Disease-specific survival  
§ ECM : Extracellular matrix  
§ E-MDSCs : Early-stage myeloid-

derived suppressor cells  

§ ER : Oestrogen receptor 
§ FAP : Familial adenomatous 

polyposis  
§ FDA : US Food and Drug 

Administration  
§ FoxP3 : Forkhead Box P3  
§ GBM : Glioblastoma multiforme  
§ GMCs : Granulocytic myeloid cells 
§ GM-CSF : Granulocyte-macrophage 

colony-stimulating factor  
§ G-MDSCs : Granulocytic myeloid-

derived suppressor cells 
§ GO : Gene ontology  
§ HCC : Hepatocellular carcinoma  
§ HD : Healthy donor  
§ Her2 : Human epidermal growth 

factor hormone receptor  
§ HNPCC : Hereditary non-polyposis 

colorectal cancer  
§ HNSC : Head and neck squamous 

carcinoma  
§ HNSCC : Head and neck squamous 

cell carcinoma  
§ HSCs : Haematopoietic stem cells  
§ IBD : Inflammatory bowel disease  
§ ICI : immune checkpoint inhibition  
§ ICOS : Inducible T cell costimulatory  
§ ICs : Immune checkpoints  
§ IDO : Indoleamine 2,3-dioxygenase  
§ ILC : Infiltrating lobular carcinoma 
§ IM : Immunomodulatory  
§ IMCs : Immature myeloid cells  
§ I-MDSCs : Immature myeloid-

derived suppressor cells  
§ irAEs : Immune-related adverse 

events  
§ KIRC : Kidney renal clear cell 

carcinoma  
§ LAG-3 : Lymphocyte-activation gene 

3  
§ LAML : Lymphoblastic acute 

myeloid leukaemia  
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§ LAP : Latency-associated peptide 
§ LAR : Luminal androgen receptor  
§ LCIS : Lobular carcinoma in situ  
§ LUAD : Lung adenocarcinoma  
§ LUSC : Lung squamous carcinoma  
§ M : Mesenchymal 
§ MES : Mesenchymal-like 
§ MCC : Merkel cell carcinoma  
§ M-CSF : Macrophage colony-

stimulating factor  
§ MDSCs : Myeloid-derived 

suppressor cells 
§ MHC : Major histocompatability 

complex 
§ MMCs : Monocytic myeloid cells  
§ M-MDSCs : Monocytic myeloid-

derived suppressor cells  
§ MPM : Malignant pleural 

mesothelioma  
§ MSI : Microsatellite instability 
§ MSL : Mesenchymal stem-like  
§ MSS : Microsatellite stable 
§ MΦ : Macrophage  
§ NETs : Neutrophil extracellular traps 
§ NGS : Next-generation sequencing  
§ NILs : Normal tissue-infiltrating 

lymphocytes  
§ NK : Natural killer  
§ NLR : Neutrophil to lymphocyte 

ratio 
§ NO : Nitric oxide  
§ NSCLC : Non-small cell lung cancer  
§ NT : Normal tissue  
§ OS : Overall survival  
§ OV : Ovarian carcinoma  
§ PAMPs : Pathogen-associated 

molecular patterns 
§ PBMC : Peripheral blood 

mononuclear cells  
§ PD-1 : Programmed cell death 

protein 1  
§ PD-L1 : Programmed death ligand 1  
§ PFI : Progression-free interval  

§ PMN-MDSC : Polymorphonuclear 
myeloid-derived suppressor cells 

§ PNT : Peroxynitrite  
§ PPAR : Peroxisome proliferator-

activated receptor  
§ ppCD33sig : Poorer prognosis 

CD33+ gene signature  
§ PR : Progesterone  
§ pTregs : Peripheral regulatory T cells  
§ RCC : Renal cell carcinoma  
§ READ : Rectal adenocarcinoma  
§ RFS : Relapse free survival  
§ RNA-Seq : RNA sequencing  
§ RNS : Reactive nitrogen species  
§ ROS : Reactive oxygen species  
§ SCF : Stem-cell factor  
§ SCLC : Small-cell lung cancer 
§ TAMs : Tumour-associated 

macrophages  
§ TANs : Tumour-associated 

neutrophils  
§ TCGA : The Cancer Genome Atlas  
§ TCR : T cell receptor  
§ Teff : T effector cells  
§ TGF : Transforming growth factor  
§ Th : T helper  
§ TIGIT : T cell immunoreceptor with 

Ig and ITIM domains  
§ TIICs : Tumour-infiltrating immune 

cells  
§ TILs : Tumour-infiltrating 

lymphocytes  
§ TIM-3 : T cell immunoglobulin and 

mucin domain-containing protein 3  
§ TIME : Tumour immune 

microenvironment  
§ TIMP : Tissue inhibitors of 

metalloproteinases  
§ TLS : Tertiary lymphoid structures  
§ TMB : Tumour mutation burden  
§ TME : Tumour microenvironment  
§ TNBC : Triple negative breast cancer  
§ TNF : Tumour necrosis factor 
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§ TNM : Tumour, lymph node,  
metastasis  

§ Tregs : Regulatory T cells  
§ tSNE : t-distributed stochastic neighbor embedding  
§ TT : Tumour tissue 
§ tTregs : Thymic-derived regulatory T cells 
§ UCEC : Uterine cervical and endometrial 

carcinoma 
§ UNS : Unstable  
§ VEGF : Vascular endothelial growth factor  
§ VISTA : V-domain Ig suppressor of T cell 

activation 
§ γδ : Gamma delta  
§ ζ  : Zeta 

  



7. Introduction 

7.1. Colorectal and breast cancer 

Cancer is identified as one of the main causes of death globally, with female breast cancer (BC) 

accounting for 11.6% of all cancer-related deaths, closely followed by colorectal cancer (CRC) 

(10.2%) among both sexes [7]. Although improved screening techniques and novel therapeutic 

approaches have improved mortality rates for most cancers in recent decades, there is a dire 

need to explore novel targets, identify factors involved in resistance to therapy and biomarkers 

for improved clinical outcomes. 

Hanahan and Weinberg highlighted the fundamental hallmarks of all human cancers: 

conservation of proliferative signalling, avoidance of growth suppressors, deterrence to 

apoptotic signalling, replicative perpetuity, initiation of angiogenesis, and triggering invasion 

and metastasis [8]. Dysregulated energetics and avoidance of immune surveillance were later 

added to these characteristic hallmarks, while genomic instability and induction of 

inflammatory response were identified as the principal causative factors for these 

characteristics [9]. Accumulating evidences have since improved our understanding of these 

characteristics and have shown that some tumour cells may indeed undergo cell death during 

tumour progression, while inflammation may perform anti-tumour roles in some cancer 

settings, and perhaps most notably, the role of immune cells in tumorigenesis and tumour 

progression has become more vivid [10]. Concurrently, the tumour microenvironment (TME) 

has been identified as the amphitheatre of cancer development and progression, which can also 

dictate response to therapy [10, 11]. In addition, tumour histological grades and tumour (T), 

lymph node (N), metastasis (M) staging system are utilized globally for the evaluation of 

disease severity, therapy selection and may indicate disease prognosis [12]. 
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CRC is a heterogeneous disease, which exhibits broad pathological and clinical differences. 

The pathogenesis of CRC involves development of adenocarcinomas or serrated polyps, which 

follow distinct molecular and histological events, and can be divided into sporadic, inherited 

or familial disease resulting from chromosomal instability (CIN), microsatellite instability 

(MSI) and aberrant DNA methylation, referred to as CpG island methylator phenotype (CIMP) 

[13]. Sporadic CRC accounts for the majority of CRCs and are mostly linked to environmental 

factors, while Lynch syndrome (hereditary non-polyposis colorectal cancer [HNPCC]) and 

familial adenomatous polyposis (FAP) constitute the most common inherited CRC types [14]. 

Importantly, the association between inflammation and cancer is markedly evident in CRC as 

mediators of inflammatory response, which include immune cells and certain cytokines have 

been implicated in tumorigenesis of CRC [15]. For instance, a subtype of CRC, colitis-

associated cancer (CAC) is preceded by chronic inflammation and is associated with 

inflammatory bowel disease (IBD) [16]. In addition, the molecular differences among CRC 

tumours have led to classification into hypermutable/microsatellite unstable (Hyp/MSI), 

hypermutable-microsatellite stable (Hyp/MSS), microsatellite stable (MSS) or CIN and CIMP 

[17]. Right-sided tumours (cecum, ascending and transverse colon) generally exhibit MSI, 

mutations in DNA mismatch repair (dMMR) and mostly do not respond well to conventional 

chemotherapies but demonstrate promising results with immunotherapies due to high antigenic 

load, while left-sided tumours (descending, sigmoid colon and rectum) are typically MSS and 

benefit more from adjuvant chemotherapies and have better prognosis [18]. 

The catastrophic global burden of BC can be accredited to challenges in screening and 

treatment selection due to substantial heterogeneity among breast tumours [19]. BC comprises 

a variety of heterogeneous diseases, which manifest the mammary glands. While most BCs 

occur sporadically as a result of various risk factors, around 5-10% BC cases result from 

genetic predisposition [20]. Mutations in BRCA1 or BRCA2 genes are most frequently observed 
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among hereditary BC, although are rarely detected in sporadic BC [21]. In addition, mutations 

in TP53, PTEN, STK11, Neurofibromatosis (NF1) and E-Cadherin (CDH-1) are also identified 

as BC risk factor genes [22]. BC can be divided into two main categories; carcinomas, which 

arise from epithelial lining of lobules and ducts and sarcomas, which arise from stromal 

components (<1% of primary BC) [20].  Non-invasive (in situ), invasive and metastatic BC 

categories are based on intrusiveness of tumour cells from the basement membrane, and are 

further divided into further categories such as lobular carcinoma in situ (LCIS), ductal 

carcinoma in situ (DCIS) and infiltrating lobular carcinoma (ILC) among others [23]. In 

addition, for the purposes of therapy selection, breast tumours are mainly characterized into 

three major subsets according to: (i) receptor expression of hormones oestrogen (ER) or 

progesterone (PR), (ii) human epidermal growth factor hormone receptor (Her2) positive or 

negative, and (iii) triple negative (TNBC), which presents as the most aggressive form of BC 

and is difficult to treat due to lack of targeted therapies [24]. Genetic profiling of TNBC enabled 

classification into six subtypes: basal-like 1 (BL1) with abnormal expression of cell cycle/DNA 

repair-related genes, basal-like 2 (BL2) show abnormal growth factor signalling pathways, 

immunomodulatory (IM) exhibit significant enrichment of immune-related genes, luminal 

androgen receptor (LAR) present activated hormonal receptor-related genes, mesenchymal 

(M) display activation of cell migration-related genes and mesenchymal stem-like (MSL) show 

low expression of cell proliferation-related genes, while an additional TNBC subtype termed 

unstable (UNS) was also identified [25]. Subsequently, Burstein et. al., proposed classification 

of TNBC into four subtypes: androgen receptor and cell surface mucin (MUC1) positive LAR 

subtype, growth factor receptor positive MES (mesenchymal) subtype, basal-like 

immunosuppressed (BLIS) subtype expressing a member of the B7 family, B7-H4 (VTCN1) 

and basal-like immune-activated (BLIA) subtype with activated STAT signalling and 

proficient cytokine secretion [26]. These classifications were later stratified by Liu et. al., based 
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on distinct Gene Ontology (GO) and pathway analyses amongst TNBC subtypes [27]. 

Importantly, TNBC subtypes correspond with distinct clinical prognosis; BLIA tumours are 

associated with favourable clinical outcomes, while BLIS are associated with worse clinical 

outcomes based on shorter disease-free survival (DFS) and disease-specific survival (DSS) 

[26]. Overall, the refinement of the molecular profiling of TNBC into subtypes is consistently 

being explored further [28, 29], while other studies have focussed on the clinical adaptation of 

these subtypes. For instance, Zhao et. al., recently presented the potential clinical application 

of an IHC-based classifier for TNBC into molecular subtypes [30].  

Reminiscent of most solid malignancies, BC tumours are also heavily infiltrated with immune 

cells and the relation between inflammation and BC pathogenesis may direct disease outcomes 

[31]. Notably, the crosstalk between BC cells and immune cells can have anti- or pro- tumour 

roles in BC pathogenesis as potent immunosuppression has been associated with increase in 

tumour incidence in carcinogen-induced BC, while high immune cell infiltration in basal-like 

BC, TNBC and HER2 positive BC have been consistently associated with improved prognosis 

[32]. 

 

7.2. Tumour microenvironment  

The TME harbours key constituents, which can mark the fate of tumour cells and thus disease 

progression and outcome. The dynamic interactions between cells in close proximity to tumour 

cells can involve direct effects through cellular interactions or indirect effects via soluble 

mediators within the tumour stroma, with the balance between pro- and anti-tumour factors 

within the vicinity of tumour cells being able to influence tumour progression [33].  

The TME comprises of proliferating tumour cells, infiltrating immune cells, blood and 

lymphatic vessels, tumour stroma and various tumour-resident cells [34]. In addition, 

extracellular matrix (ECM), adipose cells, cancer-associated fibroblasts (CAFs) are also 
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present within the TME [11]. The immune constituents of the TME include cells of adaptive 

immunity, dendritic cells (DC), scarce B cells, T cells, along with effector cells of innate 

immunity, including tumour-associated macrophages (TAMs), polymorphonuclear cells and 

very few natural killer (NK) cells [35]. In addition, immunosuppressive cells such as myeloid-

derived suppressor cells (MDSC), M2 macrophages and Regulatory T cells (Tregs), which 

assist tumour progression also accumulate in the TME of solid malignancies [36-38]. More 

insights into immunosuppressive cells within the TME are presented and illustrated in 

following sections (Section 7.3, Figure 3 and Table 1). Notably, there is increasing evidence 

for the role of tumour-associated neutrophils (TANs) in promotion of tumour progression [39]. 

Immune cell recruitment to the TME is driven by various tumour-derived factors [35, 40]. For 

instance, a tumour-coerced local inflammatory response leads to an influx of effector immune 

cells [41].  Moreover, products of immune cells within the TME are mitogenic to facilitate 

tumour progression via neoplastic proliferation and neoangiogenesis, and also entice 

accumulation of additional immune cell populations, mostly to assist tumour immune escape 

and progression [41]. In addition, the presence of tertiary lymphoid structures (TLS) in some 

tumours also facilitates T cell recruitment to the TME [40]. Crucially, while elevated immune 

cell infiltration in the TME is mostly associated with improved prognosis and therapy response, 

some reports have shown conflicting conclusions [42]. One plausible explanation could be that 

tumour cells may benefit from infiltrating cells via modification of their functionality such as 

reprogramming of macrophages to inhibit effector functions of TILs, while fibroblasts and 

extracellular matrix support expansion and also contribute to sustaining an inflammatory 

milieu, which nurtures tumour growth [35]. In addition, the hypoxic TME and sprouting 

angiogenesis may also contribute to sustenance of tumour progression via metabolic 

reprogramming of immune cells within the TME [43, 44].  
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The infiltration of immune cells in the TME have led to various classifications of the tumour 

immune microenvironment (TIME) [45]. Chen et al., proposed classification of TME into three 

main phenotypes: (i) ‘immune inflamed’ identified by high levels of immune cells including 

tumour-infiltrating T cells, myeloid cells and monocytic cells; (ii) ‘immune excluded’, 

representing TME enriched with immune cells which instead of being within the tumour core 

are restrained in the surrounding milieu, and (iii) ‘immune desert’, characterized by scarcity of 

T cells in the tumour core or surrounding stroma [46] (illustrated in Figure 4).  In addition, 

TIMEs heavily infiltrated with immune cells but devoid of cytotoxic lymphocytes (CTLs) in 

the tumour core are designated ‘infiltrated-excluded (I-E)’ TIME, whereas high infiltration of 

CTLs with high programmed cell death protein 1 (PD-1) and high expression of its ligand 

programmed death ligand 1 (PD-L1) within the TIME reflect ‘infiltrated-inflamed (I-I)’ and 

presence of tertiary lymphoid structures (TLS) within the TIME has been designated ‘TLS 

TIME’ [45]. Of note, these classifications may also correspond with tumour immunogenicity, 

which often enables tumours to exhibit T cell tolerance [47]. Importantly, based on the type, 

density and location of immune cell infiltrates within the TME, a robust scoring system which 

assesses the infiltration of CD3+ T cells and CD8+ CTLs in the tumour core and at the invasive 

margin, ‘immunoscore’ has been proposed [48]. Immunoscore has shown its robust prognostic 

significance in CRC [49]. For example, elevated densities of CD3+ T cells, CD8+ CTLs and 

CD45RO+ memory T cells have been associated with prolonged disease-free survival (DFS) 

and/or overall survival (OS) in various malignancies [50]. Immunoscore also utilises the terms 

‘hot’ for highly infiltrated (Immunoscore: 4) and ‘cold’ for non-infiltrated tumours 

(Immunoscore: 0) [51]. In addition, CRC tumours have also been classified into four groups 

based on genetic and immune cell profiling; consensus molecular subtypes (CMS) 1 refer to 

MSI-H and immune activated tumours, CMS2 correspond to tumours with activated 

WNT/MYC signalling pathways, CMS3 tumours reflect dysregulation in key metabolic 
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pathways and CMS4 embody immune-inflamed tumours with activated transforming growth 

factor-β (TGF-β) [52].  

 

7.3. Immunosuppression within the TME 

One of the most crucial steps in tumorigenesis is overcoming immunosurveillance, which 

principally is capable of recognizing and eradicating tumour cells [40, 53]. The concept of 

‘tumour immunoediting’ to favour tumour development and immune escape by providing an 

immune permissive environment or loss in tumour antigens to evoke a potent anti-tumour 

immune response is evident across most malignancies [54]. Immune constituents of the TME 

have a pivotal role in the ‘three Es’ of cancer immunoediting; ‘elimination’, which reflects 

eradication of tumour cells by immune cells during initial stages of disease onset, ‘equilibrium’ 

corresponding to phase of tumour progression in which CTLs are capable of containing but not 

completely eliminating surviving tumour cells and ‘escape’ referring to effective evasion from 

immunosurveillance [55, 56].  

The TME nurtures an immune tolerant environment, which opposes anti-tumour immune 

responses, and favours cancer progression and dissemination [57]. Tumours release various 

soluble factors such as prostaglandins, vascular endothelial growth factor (VEGF), TGF-β, 

macrophage colony-stimulating factor (M-CSF), gangliosides and interleukin-10 (IL-10), 

which inhibit immune responses in a direct or indirect manner [58, 59]. For instance, 

indoleamine 2,3-dioxygenase (IDO) is as a rate-limiting enzyme that catalyses tryptophan 

catabolism and is identified as an important mechanism of immunosuppression within the TME 

[60, 61]. IDO is expressed by a variety of cells such as dendritic cells (DCs), macrophages, 

MDSCs and even tumour cells, and impedes generation of antigen-specific anti-tumour 

immune responses and activity of CTLs,  while promoting expansion of Tregs [62]. Decrease 

in tryptophan availability and production of metabolites such as kynurenine, affect effector T 
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cell proliferation, T cell signalling via downregulation of TCR ζ chain and induce T cell 

apoptosis [63]. IDO is highly expressed in the TME of various cancers with evidence of 

correlation with poor prognosis and survival [64]. In addition, the plethora of cytokines 

released within the TME can affect the maturation and differentiation of DCs, rendering them 

incapacitated of invoking potent anti-tumour T cell responses [65]. Importantly, tumour-

derived factors also lead to recruitment of highly immunosuppressive cells such as MDSCs 

and Tregs, which primarily suppress effector T cells, prompt polarization of M2 macrophages 

and inhibit NK cell cytotoxicity, thereby obstructing anti-tumour immune responses in the 

TME [66].  

T cells are vital in anti-tumour immune responses via direct killing through CTLs and 

orchestration of coordinated and effective immune responses via T helper (Th) cells in innate 

and acquired immune responses, as well as immunosuppression via Tregs [35]. Of note, 

tumour-related immunosuppressive mechanisms are not solely limited to the TME but 

extracellular vesicles released in the TME can also promote immunosuppression at a systemic 

level via dissemination to distant regions, contributing to the distinct ‘tumour 

macroenvironment’, which manifests across numerous malignancies [57, 67].  

It is noteworthy that there are multiple contributors to immunosuppression within the TME; 

however the research presented herein focusses on MDSCs, Tregs and immune checkpoint 

pathways (discussed in following sections), which attenuate anti-tumour T cell responses. 

 

7.3.1. Myeloid-derived suppressor cells 

MDSCs comprise a heterogeneous cellular population of myeloid lineage, arrested at variable 

stages of maturation, and which exhibit potent immunosuppressive activity, predominantly to 

attenuate T cell responses [68]. Myelopoiesis is a securely regulated process, which originates 

in the bone marrow and is controlled by numerous soluble factors such as stem-cell factor 
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(SCF), granulocyte-macrophage colony-stimulating factor (GM-CSF), M-CSF [68]. Under 

normal physiological conditions, the common myeloid progenitor cells, generated from 

haematopoietic stem cells (HSCs), differentiate into immature myeloid cells (IMCs), which 

eventually mature through to terminal differentiation in peripheral tissues as DCs, macrophages 

or granulocytes. Moreover, classical myeloid cell activation occurs in response to pathogens 

and tissue damage via pathogen-associated molecular patterns (PAMPs) or danger-associated 

molecular patterns (DAMPs) and Toll like receptor (TLR) activation, leading to rapid 

deployment of monocytes and neutrophils to perform phagocytosis or release neutrophil 

extracellular traps (NETs) [69]. However, under pathophysiological conditions such as cancer, 

trauma, inflammation and sepsis, the normal myelopoiesis is delineated to ‘emergency 

myelopoiesis’ to generate excessive levels of IMCs in response to myeloid growth factors such 

as GM-CSF and M-CSF, and inflammatory signals such as IL-6 and IL1β [68, 70]. These cells 

comprise cells at varying levels of maturation which therefore may lack expression of markers 

of mature DCs, macrophages or other granulocytes [68, 71]. The presence of 

immunosuppressive myeloid cells in cancer was identified decades ago and given different 

identities such as myeloid suppressor cells or immunosuppressive myeloid cells until 2007 

when they were termed these cells MDSCs [72]. Phenotypically, MDSCs are identified as cells 

which express myeloid lineage markers but do not express MHC class II molecule, HLA-DR 

[68]. However, due to their heterogenous nature, although multiple attempts have been made 

towards their standardized identification, no specific sets of markers have been agreed on 

within the scientific community [73, 74]. Moreover, MDSCs are in close phenotypic and 

functional proximity with various immune cells such as neutrophils and monocytes but exhibit 

high plasticity, and their differentiation is determined by the TME [75].  

MDSC have been primarily classified into three main subtypes; immature or early-stage MDSC 

(I/E-MDSC), monocytic MDSC (M-MDSC) and granulocytic or polymorphonuclear (G/PMN-
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MDSC) [76]. I/E-MDSCs include myeloid progenitors and precursors, while M-MDSCs are 

akin to monocytes but possess immunosuppressive activity and G/PMN-MDSCs are similar to 

immunosuppressive neutrophils. M-MDSCs, they may be distinguished from monocytes by 

expression of MHC class II, HLA-DR. In differentiating PMN-MDSCs from neutrophils, it has 

been suggested that PMN-MDSCs have a lower density than neutrophils [77]. Moreover, gene 

profiles of MDSCs and monocytes or neutrophils have also been compared and revealed some 

key differences between them, mainly related to pro-inflammatory and immunosuppressive 

pathways [69]. Additionally, some markers have been proposed to distinguish G/PMN-MDSCs 

such as CD38 or CD71 which are associated with immature neutrophils and LOX1 which is 

not expressed on neutrophils [69, 78]. However, the paradox associated with differentiating 

G/PMN-MDSCs from neutrophils, specifically N2 neutrophils, which possess 

immunosuppressive activity, is widely acknowledged and remains to be fully resolved [66, 79]. 

Nevertheless, numerous studies have reported expansion of MDSCs in the TME and circulation 

of cancer patients using different sets of markers, with some evidence of associations with 

disease severity/response to therapy [80-83]. MDSCs accumulate in the TME in response to 

various tumour-derived factors such as GM-CSF, IL-10 and VEGF [84]. Moreover, MDSCs 

are also recruited to the TME in response to various CCL and CXC chemokines, where hypoxic 

and proinflammatory conditions lead to HIF-1α-mediated iNOS/ARG1 release, upregulation 

of PD-L1 and release of chemokines to recruit Tregs [38]. MDSCs exert their potent 

immunosuppressive activity via increased production of immunosuppressive factors such as 

arginase-1 (ARG-1), reactive oxygen species (ROS) and reactive nitrogen species (RNS) [68]. 

ARG-1 and inducible nitric oxide synthase (iNOS) metabolise L-arginine, which is required 

by T cells for maintenance of CD3ζ chain [85]. Therefore, MDSCs inhibit T cell proliferation 

and provoke T cell apoptosis within the TME. In addition, MDSC also downregulate L-

selectin, required for T cell activation and are involved in the nitration of T cell receptor (TCR), 
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which impedes antigen recognition [86, 87]. Moreover, T cell activation via APC requires 

cysteine, which is limited by MDSCs within the TME [88]. Importantly, IDO has been 

identified as a critical factor for MDSC-mediated immunosuppression. Smith et. al., showed 

that MDSCs from tumour-bearing Ido1 knockout mice were incapacitated of T cell 

suppression, while mice were also able to restrict tumour growth [89]. Yu et. al., also reported 

that the immunosuppressive activity of MDSCs is dependent on IDO expression and blocking 

IDO via upstream inhibition of STAT3 may be an attractive approach for nullifying MDSC-

mediated T cell suppression in BC patients [90]. Of note, intratumoural IDO expression also 

promotes the recruitment and activation of MDSCs [91]. In addition to immunosuppression, 

studies have shown prominent roles of MDSCs in promoting angiogenesis, tumour progression 

and metastases [81]. Figure 1 provides an overview of MDSC generation and 

immunosuppressive function.  

Figure 1. MDSC development and function. Emergency myelopoiesis in cancer leads to generation 
and accumulation of immature myeloid cells (IMC) from hematopoietic stem cells (HSC) and common 
myeloid progenitors (CMP). IMCs are recruited to the tumour microenvironment (TME) or lymphoid 
tissues via various tumour-associated factors, which also dictate their differentiation into 
polymorphonuclear MDSC (PMN-MDSC) or monocytic MDSC (M-MDSC) (A). In lymphoid tissues, 
M-MDSCs do not differentiate into macrophages (MΦ) due to high STAT3 activity but can differentiate 
into tumour-associated macrophages (TAMs) in the TME. PMN-MDSCs and M-MDSCs exhibit 
various immunosuppressive factors including arginase-1 (ARG-1), indoleamine 2,3-dioxygenase 
(IDO), reactive oxygen species (ROS), nitric oxide (NO), peroxynitrite (PNT), TGF-β and immune 
checkpoint expression, which inhibit TCR-mediated activation of anti-tumour T cells, inhibit DCs and 
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NK cells, and induce DC polarization into M2 macrophages and Treg induction in the TME (B). 
(Adapted from [81]). 
 

7.3.2. Regulatory T cells 

Tregs are the primary immunosuppressive cells, responsible for immune tolerance against self-

antigens and maintaining immune homeostasis to contain excessive immune response [92]. 

Tregs are identified by expression of IL-2 receptor α chain (CD25) and the key transcription 

factor, Forkhead Box P3 (FoxP3) identified as a ‘master regulator’ of their immunosuppressive 

traits [93]. Tregs are broadly divided into thymic-derived (tTregs) or peripheral Tregs (pTregs), 

generated from naïve CD4+ T cells by antigen presentation in peripheral regions [94]. The 

immunosuppressive functions of Tregs are exerted through release of immunosuppressive 

cytokines IL-10, TGF-β, IL-35, perforin/granzyme mediated cytotoxicity, expression of 

inhibitory immune checkpoints [PD-1, cytotoxic T-lymphocyte-associated protein (CTLA-4), 

T cell immunoglobulin and mucin domain-containing protein 3 (TIM-3) and IDO, amongst 

others], and promotion of T cell exhaustion via induction of tolerogenic DCs [36]. Tregs are 

recruited to the TME via various chemokines released by tumour-resident immune cells and 

tumour cells such as CCL5, CCL17, CCL21 and CCL22 [95]. Tregs help maintain hypoxic, 

pro-angiogenic and highly immunosuppressive milieu within the TME with dynamic crosstalk 

with other tumour-resident immune cells [35, 36]. Moreover, within the TME, Treg 

proliferation and expansion is driven by various tumour-derived factors such as TGF-β, IL-10 

[36]. In addition, IDO-expressing DCs promote Treg differentiation from naive CD4+ T cells, 

enhance immunosuppressive activity of pre-existing Tregs and barricade differentiation of 

Tregs into other pro-inflammatory phenotypes [96]. Therefore, elevated IDO expression in the 

TME can be a major contributor in driving Treg expansion [97].  

The fundamental immunosuppressive functions of Treg-mediated immunosuppression within 

the TME are depicted in Figure 2. Briefly, Treg-mediated immunosuppression is primarily 
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implemented via IL-2-receptor (CD25) dependent and CTLA-4-dependent mechanisms; Tregs 

deplete IL-2 for responder T cells, due to their high expression of CD25, constitutively express 

CTLA-4, which interacts and impedes co-stimulatory signals via CD80/86 on antigen-

presenting cells (APCs), which are also affected by IL-10 from Tregs: consequently, responder 

T cells undergo apoptosis due to lack of co-stimulatory signals or are rendered anergic or 

dormant, depending on dependency on TCR activation [98]. Importantly, expansion of tumour-

infiltrating Tregs is associated with higher Treg:Teff ratios, and is also associated with worse 

disease outcomes in various malignancies [99]. However, it is also worth noting that high Treg 

infiltration has also been associated with improved disease prognosis in selective cancers 

including CRC [100]. The contradicting prognostic significance of tumour-infiltrating Tregs 

could be attributed to Treg heterogeneity or the tumour site [100, 101]. Tregs may be classified 

into CD45RA+FoxP3Low ‘resting Tregs’, CD45RA-FoxP3Hi ‘effector Tregs’ or CD45RA-

FoxP3Low ‘non-Tregs’[102]. In addition, several Treg-related markers such as Helios (affiliate 

of the Ikaros family of zinc-finger transcription factors), Sialyl-Lewis X (CD15s), latency-

associated peptide (LAP) and TNFR2 (affiliate of TNF receptor super family) among others, 

have been identified to indicate their activation/functional activity [103-105]. Therefore, 

thorough and conclusive phenotypic identification, and evidence of suppressive activity are 

considered highly important in recognizing Tregs. 
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Figure 2. Treg immunosuppression mechanisms. IL-2 receptor (CD25), which exhausts IL-2 from 
the TME for responder/effector T cells, is highly expressed on FoxP3+ Tregs. Tregs also constitutively 
express CTLA-4, which interacts with CD80/86 on antigen-presenting cells (APCs) to alleviate co-
stimulatory signals for T cell activation. The functionality of APCs is also affected by IL-10 from Tregs. 
These combined effects lead to responder T cell anergy, induction of apoptosis or dormancy. 
Responder/effector T cells are also suppressed by Tregs via IL-10 and TGF-β (Adapted from [98]). 
 
 
7.4. Immune checkpoints  
 
Immune checkpoints (ICs) operate as regulators of the immune system, and provide additional 

co-stimulatory signals for activation/priming of immune response, or provide additional co-

inhibitory signals for attenuation/generation of targeted immune responses [106]. ICs provide 

adjustment of response following TCR ligation by cognate antigens, and affect multiple 

downstream signalling pathways, which serve as important regulators for T cell activation, 

proliferation and functionality [106]. Effector T cells are capable of eliciting a potent immune 

response, which may lead to acute inflammation and/or autoimmunity. Inhibitory ICs work in 

parallel with Tregs, MDSCs, M2 macrophages and other immunomodulatory soluble factors 

such as IL-10 and TGF‐β to overt T cell activation and contain extent/severity of immune 

response. T cell activation requires antigen recognition via MHC and TCR interactions, and 

co-stimulation via binding of CD28 with CD80/86 [107]. CTLA-4 is a structural analogue of 

CD28 and possesses a superior affinity towards CD80/86 than CD28 [107]. Binding of PD-1 

on T cells with its putative ligands PD-L1/2 on APCs leads to interference with TCR signalling 
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and causes T cell dysfunction [108]. However, other downstream effects of signalling along 

PD-1/PD-L1 axes have also been recorded. Likewise, binding of TIM-3 with its putative ligand 

galectin-9 leads to cell death, while LAG-3 binds to MHC class II with greater affinity than 

CD4 and compromises their activation and has also been shown to impair cytotoxicity of CD8+ 

T cells and NK cells [109]. ICs are expressed on multiple immune cells including T cells, NK 

cells and myeloid cells, as shown in multiple cancer settings [4, 5, 110-114]. Notably, ICs are 

expressed on highly activated T cells and the transition to T cell exhaustion primarily results 

from prolonged antigenic stimulation and is evidenced by impaired cytokine release [115]. 

Therefore, multiple ICs are expressed on exhausted T cells [115]. While ligands for ICs are 

primarily found on DCs and also on other immune cells, tumour cells also express multiple IC 

ligands and IC pathways are often exploited by tumour cells to evade immunosurveillance 

[116]. Inhibitory ICs such as PD-1, CTLA-4, TIM-3 and LAG-3, and their putative ligands 

PD-L1/2, CD80/86 and galectin-9, among others are recurrently elevated within the TME of 

different cancers [116]. Importantly, there is evidence of prognostic significance of ICs, mainly 

PD-L1, in multiple malignancies but requires additional investigations [117]. An overview of 

the immunosuppressive TME, with its multiple contributors such as key cellular populations, 

ICs/ligands and immunosuppressive cytokines is depicted in Figure 3. In addition, Table 1 

summarizes the key roles of major cellular populations within the TME and associations of 

their elevated levels with cancer progression. 
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Figure 3. Major components of the immunosuppressive tumour microenvironment. Cells in the 
tumour microenvironment exert their immunosuppressive function via cell-cell contact or through 
secretion of immunosuppressive factors such as arginase-1 (ARG-1), inducible nitric oxide synthase 
(iNOS), reactive oxygen species (ROS), interleukin-10 (IL-10), tumour necrosis factor (TNF) and 
transforming growth factor-β (TGF-β). Tumour cells also upregulate ligands for inhibitory immune 
checkpoints such as programmed death-ligand 1 or 2 (PD-L1/2), CD80/86, galectin-9 (Gal-9), liver and 
lymph node sinusoidal endothelial cell C-type lectin (LSECtin) and V-Set and immunoglobulin domain 
containing 3 (VISIG-3).  Binding of inhibitory immune checkpoints such as PD-1, CTLA-4, TIM-3, 
LAG-3 and V-domain Ig suppressor of T cell activation (VISTA), found on activated or exhausted T 
cells lead to attenuation of T cell responses. I-MDSC; Immature myeloid-derived suppressor cells, M-
MDSC; monocytic-MDSC, PMN-MDSC; polymorphonuclear-MDSC, TAM; tumour-associated 
macrophages, TAN; tumour-associated neutrophils, Treg; regulatory T cells. (Original figure based on 
findings and literature review published by the author [1, 2, 4, 5, 116]). 
 

Major cellular populations within the tumour 
microenvironment 

Cellular population Role in the tumour 
microenvironment 

Association with 
cancer prognosis 

Myeloid-
derived 
suppressor 
cells (MDSCs) 

• I/E-MDSC 
• G/PMN-

MDSC 
• M-MDSC 

 

• Inhibit proliferation of effector T 
cells, B cells and NK cells. 

• Affect binding capacity of TCR 
receptors to major-
histocompatibility complex. 

• Polarize macrophages to M2 
phenotype. 

• Promote Treg recruitment and 
expansion. 

• Elevated levels 
associated with poor 
prognosis in multiple 
solid malignancies. 

• Implicated in 
resistance to anti-
cancer therapies. 
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Tumour-associated 
macrophages 
(TAMs)  
 
 
 

• Present as M2 macrophages. 
• Lack cytotoxic activity of M1 

macrophages. 
• Inhibit lymphocyte functionality. 
• Also recruit Treg in the TME. 

• High densities 
associated with poor 
prognosis and overall 
survival. 

Tumour-associated 
neutrophils 
(TANs)  
 
 
 

• Pro- and anti-tumour roles. 
• Functionality dependant on location 

within tumour and type of tumour. 
• Upregulate PD-L1. 
• Able to inhibit T cell proliferation 

and IFNγ production. 
• May exhibit activated phenotype 

expressing multiple chemokine 
receptors/co-stimulatory molecules/ 
pro-inflammatory factors and 
support T cell proliferation. 

• Associated with 
advanced stage and 
poor survival in most 
solid malignancies.  

• Colorectal and lung 
cancer show no effect 
or good prognosis. 

Dendritic cells (DCs) 
 
 

• Different subsets and maturation, 
which affect functionality. 

• Immunostimulatory: Found at low 
levels, can suppress 
neoangiogenesis. 

• Dysfunctional DCs: defective 
antigen presentation, unable to 
stimulate anti-tumour immune 
response to tumour antigens, lack 
of co-stimulation for T cells. 

• Predominantly 
correlate with positive 
prognosis. 

T cells 

 

• T helper 
(Th) 

• Memory 
(Trm) 

• Gamma 
delta (γδ) 

• Cytotoxic 
(CTL) 

• Regulatory 
(Treg)  

• Present at high levels within the 
TME and polarization dependent on 
various factors within TME.  

• Th1 activate and modulate activity 
of CTL and APCs. 

• Th2/Th17-related inflammation 
promotes cancer progression. 

• Tumour-resident Trm critical in 
anti-tumour immunity. 

• CTLs main anti-tumour effector 
cells, Fas ligand/Fas and/or 
perforin/granzyme B-mediated 
cytotoxicity.  

• γδ exhibit antitumor cytotoxic 
activity via direct killing or 
proinflammatory cytokines.  

• Tregs secrete IL-35 and IL-10, 
exhaust IL-2 availability and 
express CTLA-4. 

• CTLs, Th1, Trm and 
γδ T cells are mostly 
associated with good 
prognosis. 

• High Treg to effector T 
cell ratios associated 
with poor prognosis. 

• Th2, Th17 and Tregs 
are mostly associated 
with poor prognosis, 
some exceptions. 
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B cells 

 
 

 
• Memory 
• Regulatory 

(Breg)  
 

• Rarely present at tumour invasive 
margin but more frequently in 
tertiary lymphoid structures in 
TME. 

• Bregs release IL-10 to suppress T 
cell responses.  

• Mostly associated with 
good prognosis. 

• Bregs associated with 
poor prognosis. 

Natural killer (NK) cells 
 
 

• Found at low levels within TME. 
• Potent anti-tumour cytotoxic 

ability, through recognition of 
MHC class I and favour Th1 
response. 

• High NK cell 
infiltration associated 
with improved 
prognosis and survival.  

Cancer-associated fibroblasts 
(CAFs) 
 
 

• Vital roles in progression, growth 
and metastasis. 

• Secrete various pro-tumour factors 
such as growth factors, chemokines 
and extracellular matrix 
components. 

• Facilitate angiogenesis and 
immunosuppression. 

• CAF-associated 
markers/gene 
signatures and fibrous 
stroma associated with 
poor prognosis in 
multiple cancers and 
affect therapy 
response. 

Endothelial cells 
 

• Tumour cells, myeloid cells, CAFs 
and other pro-angiogenic factors 
stimulate endothelial cells to favour 
angiogenic switch. 

• Result in hypoxic conditions within 
the TME and affect drug delivery. 

• Highly vascularized 
tumours more 
susceptible to 
malignancy and 
associated with poor 
prognosis. 

Tumour cells 
 
 

• Exhibit cancer hallmarks [8, 9]. 
• Cancer stem cells (CSC) initiate 

tumorigenesis. 
• Loss of MHC class I and antigen 

presentation. 
• Release multiple factors to promote 

immunosuppressive cell 
recruitment, angiogenesis, hypoxia 
invasion and metastasis. 

• Aggressive tumours 
proliferate rapidly and 
result in tumour 
progression/budding/ 
dissemination/invasio
n and metastasis – 
poor prognosis 
/survival. 

Table 1. Roles of major cellular populations within the tumour microenvironment and 
effects on cancer prognosis. Table lists the major cellular populations residing the TME, and 
highlights their primary roles and associations of their levels with tumour progression [34, 35, 81, 
118-140]. 
 

7.5. Tumour molecular profiling – The Cancer Genome Atlas (TCGA) 

The era of next-generation sequencing (NGS) has led to gigantic leaps in disclosing the 

molecular mechanisms/mutations in human genomics [141]. After the complete human 

genome was decoded in the beginning of the millennium [142], numerous efforts were focused 
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on decoding the cancer genome, which resulted in identification of 291 cancer-related genes 

involved in tumorigenesis, based on gene mutation data [143, 144]. The cancer genome atlas 

(TCGA) was created with the aim to analyse data from multiple human tumours to uncover 

molecular/epigenetic anomalies [145]. This pan-cancer project was initiated through compiling 

data from thousands of cancer patients, covering 12 primary tumours: breast carcinoma 

(BRCA), bladder carcinoma (BLCA), colon adenocarcinoma (COAD), head and neck 

squamous carcinoma (HNSC), glioblastoma multiform (GBM), kidney renal clear cell 

carcinoma (KIRC), lymphoblastic acute myeloid leukaemia (LAML), lung squamous 

carcinoma (LUSC), lung adenocarcinoma (LUAD), rectal adenocarcinoma (READ), ovarian 

carcinoma (OV), and uterine cervical and endometrial carcinoma (UCEC) [145]. Kandoth et 

al., reported the comprehensive tumour mutational landscape of these 12 cancers, along with 

clinical association analyses, including patient survival data [146]. Eventually, more than 30 

different human tumours have been analysed thus far to form an atlas of human cancer genome 

profiles [147]. TCGA datasets provide an open source treasure of detailed genetic data 

including clinical parameters across various human malignancies, which can be analysed and 

interpreted using multiple bioinformatics tools with limitless analysis prospects such as 

specific genes and their associated pathways to identify novel biomarkers or therapeutic 

targets.  

 

7.6. Cancer immunotherapy – Immune checkpoint inhibition 

A major challenge in cancer therapeutics is treating patients with advanced-stage disease, who 

often do not respond to therapy. Ashdown et al., reported that only 7.41% of 2732 patients with 

advanced-stage cancers recruited in various chemotherapy trials (n=68) showed complete 

response, while 28.1% patients showed partial response [148]. Conventional anti-cancer 

therapies such as chemotherapies, tissue resection and radiotherapies are increasingly being 
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replaced or supported with novel anti-cancer strategies, which include immunotherapies and 

precision medicine. Improved understanding of immunomodulation in cancer patients has 

enabled manipulation of the anti-tumour immune response for therapeutic benefit through 

novel immunotherapeutic regimens [149]. Cancer immunotherapy primarily aims to prompt 

recruitment and activation of effector immune cells via improved antigen-presentation or 

immune checkpoint inhibition (ICI), or ex vivo modification of immune cells to ultimately 

attack tumour cells whilst eliminating immunosuppressive factors. Thus far, cancer 

immunotherapy treatments include: immunomodulators, IC inhibitors, adoptive cell transfer 

therapies, chimeric antigen receptor T cells (CAR T cells), TCR modified T cells, cancer 

vaccines (from autologous DCs, tumour cell RNA/DNA or oncolytic viruses), and targeted 

antibodies and recombinant cytokines, which can be used as mono or adjuvant therapies [150, 

151]. 

In 2018, James P. Allison and Tasuku Honjo were presented with the prestigious Nobel prize 

in physiology or medicine for their innovation of barricading negative immune regulation in 

cancer therapeutics [152]. ICI has been at the forefront of all cancer immunotherapy 

approaches and has shown promising effects in various human malignancies. ICIs interfere 

with T cell inhibition pathways to ensure sustained anti-tumour T cell responses [153]. 

Targeting interactions between CTLA4 its ligands with a monoclonal antibody improved 

survival rates in metastatic melanoma patients [154], which led to US Food and Drug 

Administration (FDA) approval of the pioneering ICI, ipilimumab [155]. Extensive research 

exploring multiple IC pathways in cancer patients showed therapeutic efficacy in blocking IC-

signalling via PD-1/PD-L1 axes, which led to FDA approvals for anti-PD-1 antibodies; 

cemiplimab, nivolumab, pembrolizumab, and anti-PD-L1 antibodies; avelumab, atezolizumab 

and durvalumab [156, 157]. Importantly, these seven ICIs are approved for treating selective 

human cancers, as mono or combination therapies, whilst additional cancers and novel targets 
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for ICIs such as TIM-3, LAG-3, VISTA and B- and T-lymphocyte attenuator (BTLA) are 

currently being explored [156]. Table 2 summarizes the FDA-approved ICIs currently in 

clinical use. 

 

U.S. FDA-approved immune checkpoint inhibitors for 
cancer treatment 

Drug Target Cancer type 

Ipilimumab 
(Yervoy) CTLA-4 

Hepatocellular carcinoma (HCC)* 
Malignant pleural mesothelioma (MPM)* 
Melanoma 
Microsatellite instability-high (MSI-H)/Mismatch 

repair deficient (dMMR) colorectal cancer (CRC)* 
Non-small cell lung cancer (NSCLC)* 
Renal cell carcinoma (RCC)* 

Nivolumab 
(Opdivo) PD-1 

Classical Hodgkin lymphoma (cHL) 
Oesophageal squamous cell carcinoma 
HCC* 
Head and neck squamous cell cancer (HNSCC) 
Melanoma 
MPM* 
MSI-H/dMMR CRC* 
NSCLC* 
RCC 
Small cell lung cancer (SCLC) 
Urothelial 

Pembrolizumab 
(Keytruda) PD-1 

Advanced RCC 
Bladder 
Cervical 
cHL 
Cutaneous squamous cell carcinoma 
Endometrial 
Gastric 
HC 
HNSCC 
Melanoma 
Merkel cell carcinoma (MCC) 
MSI-H/dMMR solid tumours 
NSCLC 
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Oesophageal 
Primary mediastinal large B-cell lymphoma 
SCLC 
Triple negative breast cancer (TNBC)** 
Tumour mutational burden-high (TMB-H) cancer 
Urothelial 

Cemiplimab 
(Libtayo) PD-1 

Advanced basal cell carcinoma 
Metastatic or locally advanced Cutaneous squamous 

cell carcinoma 
NSCLC 

Atezolizumab 
(Tecentriq) PD-L1 

Bladder 
HCC 
Melanoma 
Metastatic lung 
NSCLC 
SCLC 
TNBC** 
Urothelial carcinoma  

Avelumab 
(Bavencio) PD-L1 

MCC  
RCC 
Urothelial 

Duravlumab 
(Imfinzi) PD-L1 

NSCLC 
SCLC 
Urothelial 

*Ipilimumab/nivolumab combination. 
**PD-L1+. 
†Additional disease presentation criteria and/or treatment history and/or combination therapy with 
other therapeutic agents apply to selective immune checkpoint therapies. Information provided herein 
only highlights combination therapies/criteria associated with immune checkpoint molecules.   

Table 2. List of US FDA-approved immune checkpoint inhibitors and their application in 
cancer immunotherapy (As of July 2021). [156-159] 
 

Notably, despite the success of ICIs in treating certain cancers, a significant number of patients 

often do not benefit from them and exhibit limited or no response, or even exhibit immune-

related adverse events (irAEs) [160]. Sharma et al., categorized resistance to immunotherapy 

into three patient classes: (i) primary resistance, referring to unresponsive patients; (ii) adaptive 

immune resistance, in patients whose tumours are resilient to immune attack, and (iii) adaptive 

resistance, in patients who respond initially but relapse and progress [161]. Importantly, tumour 
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intrinsic mechanisms of resistance to immunotherapy include impaired generation of tumour-

reactive T cells via impeded antigen presentation or absence of tumour antigens and 

compromised functionality of effector T cells, while tumour extrinsic mechanisms of resistance 

include presence of immunosuppressive cells, elevated IC expression and absence of tumour-

specific T cells [161]. The use of combination therapies or predictive biomarkers for response 

to therapy such as immune constituents of the TME, presence of neoantigens, IC expression 

and epigenetic signatures have potentials to overcome resistance or patient selection for choice 

of therapy [160].   

Studies have shown that immune-inflamed (hot) tumours are highly immunogenic and respond 

better to immunotherapy, including ICIs [160, 162, 163]. Activation of immune pathways and 

inhibition of immunosuppression or elimination of immune evasion are the critical underlying 

mechanisms for success of immunotherapy in immune-inflamed tumours, as summarized in 

Figure 4. Overall, in the age of novel immunotherapy regimens, tumour immune phenotyping 

and molecular profiling are of paramount significance to identify novel biomarkers and 

therapeutic targets for clinical benefits in cancer patients. 
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Figure 4. Immune phenotypes of the tumour microenvironment and effects on cancer 
progression/response to therapy. The tumour microenvironment can be classified into three core 
subtypes based on immune cell infiltration: immune desert, immune-excluded, representing cold 
tumours, and immune-inflamed tumours, representing hot tumours. These classifications correspond to 
tumour immunogenicity and may also impact response to immunotherapy via immune checkpoint 
inhibition. (Adapted from [162]). 
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8.  Aims of the PhD investigation 

This PhD study aimed at investigating the roles of immunosuppressive cells in the progression 

of colorectal and breast cancers by focussing on immunosuppressive myeloid cells, Tregs and 

IC molecules in the periphery and TME of patients with these cancers. Additionally, one facet 

of the plausible clinical implications of these investigations was explored by investigating the 

effects of an established IC inhibitor on Tregs in vitro. Multiple approaches were employed to 

identify, quantify and elucidate the roles of selective tumour-infiltrating cellular populations, 

to gain important insights into the significance of immunosuppression on the progression of 

CRC and BC. The primary aims and associated objectives of this study are summarized below, 

followed by a graphical representation of the study design.  

 

 

 

Perform comprehensive phenotypic characterization and investigate the levels of myeloid cells 

in circulation and TME of CRC and BC patients, while probing for their immunosuppressive 

characteristics and comparing their levels with circulating myeloid cells in healthy donors. 

Also, elucidate any associations between the levels of circulating and tumour-infiltrating 

myeloid cells in CRC and BC patients with clinical and pathological features in order to 

decipher their roles in disease progression. 

Associated publications: 

1. Toor, S.M., et al., Increased Levels of Circulating and Tumor-Infiltrating Granulocytic 
Myeloid Cells in Colorectal Cancer Patients. Front Immunol, 2016. 7: p. 560. 

2. Toor, S.M., et al., Myeloid cells in circulation and tumor microenvironment of breast 
cancer patients. Cancer Immunol Immunother, 2017. 66(6): p. 753-764. 
 
  

Examine circulating and tumour-infiltrating 
immunosuppressive myeloid cells in  
colorectal and breast cancer patients 

A 
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Perform comprehensive transcriptomic profiling of tumour-infiltrating myeloid cells in CRC 

patients at varying disease stages to identify differentially regulated genes and their associated 

pathways involved in disease progression. Also, explore the clinical relevance of the findings 

through correlations with disease progression and survival data from TCGA datasets. 

Associated publication: 

3. Toor, S.M., et al., Differential gene expression of tumor-infiltrating CD33(+) myeloid 
cells in advanced- versus early-stage colorectal cancer. Cancer Immunol Immunother, 
2021. 70(3): p. 803-815. 
 
  

 
 
 
 
  
Perform critical phenotypic characterization of Tregs in the TME of CRC and BC, compared 

to normal tissues and the circulation, with a cardinal focus on the expression levels of various 

Treg-related markers and IC expression on T cell subsets to reflect their functionality. In 

addition, explore associations between various IC-expressing CD4+ T cell subsets and disease 

progression in CRC. 

Associated publications: 

4. Syed Khaja, A.S., et al., Preferential accumulation of regulatory T cells with highly 
immunosuppressive characteristics in breast tumor microenvironment. Oncotarget, 
2017. 8(20): p. 33159-33171. 

5. Toor, S.M., et al., Immune Checkpoints in Circulating and Tumor-Infiltrating CD4(+) 
T Cell Subsets in Colorectal Cancer Patients. Front Immunol, 2019. 10: p. 2936. 
 

 
 
 
 
 

Elucidate the roles of tumour-infiltrating myeloid cells in 
colorectal cancer progression. 

Investigate tumour-infiltrating Tregs in 
 colorectal and breast cancers,  

focusing on immune checkpoint molecules  

B 

C 



 37 

 
 
 
 
  
Tregs are a vital component of the cell-mediated immunosuppressive arsenal within the body, 

which can also affect therapy response. This investigation aimed to explore the in vitro effects 

of an established IC inhibitor (anti-PD-1: pembrolizumab) currently in clinical use on 

peripheral Tregs from BC patients. The difference in expression levels of various Treg-related 

markers following treatment with pembrolizumab would reveal any effects on Treg phenotype 

or functionality, which could contribute to response to anti-PD-1 therapy.  

Associated publication: 

6. Toor, S.M., et al., In-vitro effect of pembrolizumab on different T regulatory cell 
subsets. Clin Exp Immunol, 2018. 191(2): p. 189-197. 
  

 

The overall study design to achieve the above-mentioned aims and objectives of this research 

is depicted below (Figure 5).  

Investigate the effects of a pharmacological 
immune checkpoint inhibitor on Tregs D 
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Figure 5. Overview of the study design. Colorectal cancer patients, breast cancer patients and healthy 
donors were recruited for the studies in this thesis (1). Peripheral blood from healthy donors, and 
peripheral blood and tumour and paired, adjacent non-tumour tissue samples were collected from cancer 
patients (2). Flow cytometric analyses were performed on whole blood, PBMCs and cells isolated from 
tissues (3). Myeloid cells were sorted from cells isolated from tumour tissues of CRC patients (n=13) 
for downstream applications and analyses (4). RNA was extracted from sorted, pure myeloid cells and 
amplified for library preparation and sequencing (5). Various bioinformatics tools were utilized for 
analyses and visualization of RNA-Seq data (6). PBMC from breast cancer patients (n=8) and healthy 
donors (n=8) were treated in vitro with pembrolizumab and the effects analysed by flow cytometry (7).  
 

The patient cohorts varied for each sub-study. Additional details of patients’ 

clinicopathological features from each sub-study are represented below in Figure 6. 
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Figure 6. Clinical and pathological features of study populations. Figure shows graphical 
representation of patient clinicopathological data from the different sub-studies in this PhD study. Data 
of various additional parameters, which were not disclosed previously have been extracted and 
presented herein.  
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9. Results and Discussion 

 9.1. Circulating and tumour-infiltrating myeloid cells in colorectal cancer patients 

The multifaceted pathogenesis of CRC is an intricate process, greatly dependent on immune 

cells since it is primarily an inflammation-related disease, whether IBD-related or sporadic 

CRC [15, 164]. Importantly, immune cells can have both anti- and pro-tumour roles in CRC 

pathogenesis and myeloid cells have been largely implicated in pro-tumour roles in CRC 

pathogenesis due to their cardinal roles in immunosuppression [165]. Moreover, pro-tumour 

factors in CRC patients are not solely limited to the TME but may involve orchestration of a 

coordinated drive apparent in both circulation and TME, as shown by various factors such as 

elevated levels of inflammatory cytokines IL-6 and TNFα in circulation of colon adenoma 

patients [166] and poor disease outcomes or the development of a premetastatic condition via 

increased levels of tissue inhibitors of metalloproteinases (TIMP) in plasma of CRC patients 

[167, 168]. 

Various groups have reported expansion of immunosuppressive myeloid cells in the circulation 

and TME of CRC patients [169-171]. However due to lack of conclusive markers for MDSC 

identification, various combinations of myeloid lineage markers coupled with lack of 

expression of other lineage marker and HLA-DR expression have been utilized by different 

groups. Importantly, to ascertain identification of MDSCs, evidence of their 

immunosuppressive potential via expression of suppressive factors or suppressive functionality 

in in vitro or mouse models was necessary. We used a combination of markers for MDSC 

recognition and investigated ARG-1 expression as evidence of their suppressive ability. The 

overall findings from our study are summarized in Figure 7 and are presented in Appendices 

13.1-13.3, Figures I-III. 
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Figure 7. Accumulation of immunosuppressive myeloid cells in circulation and tumour 
microenvironment of colorectal cancer patients. Flow cytometric analyses were performed to 
determine and compare the levels of different myeloid cell subsets in fresh whole blood samples from 
CRC patients and HDs, as well as cells isolated from tumour tissues and paired normal tissues of CRC 
patients. We found significantly higher levels of circulating and tumour-infiltrating granulocytic 
myeloid cells (GMCs) expressing high levels of ARG-1 in CRC patients. Immature myeloid cells 
(IMCs) also accumulated in the TME of CRC patients. Moreover, there were no significant differences 
between the levels of circulating and tumour infiltrating monocytic myeloid cells (MMCs). Importantly, 
levels of circulating GMCs correlated with disease stage and tumour histological grade, providing 
evidence for their potential roles in CRC progression. [1] 
 

We found that circulating and tumour-infiltrating granulocytic myeloid cells (GMCs), 

expressing high levels of ARG-1, were expanded in the circulation and TME of CRC patients. 

We referred to these cells as GMCs to reiterate and emphasize the phenotypic and functional 

proximity of PMN-MDSCs with TANs [172] and the precariousness related to MDSC 

identification. Of note, it is suggested that neutrophils and PMN-MDSC can be separated by 

gradient centrifugation since the former are high density cells, while the latter can be collected 

in the low-density mononuclear fraction [77]. However, the technical challenges associated 

with performing such separations on limited volumes of samples cannot be fully mitigated, and 

a recent report did not show differences in levels of circulating PMN-MDSC in peripheral 

blood mononuclear cell (PBMC) fraction of CRC patients compared to healthy donors [173]. 
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Patients in our study cohort presented with varying disease stages, tumour histological grades 

and degrees of lymphovascular invasion. Importantly, we found that the elevated levels of 

ARG-1-expressing GMCs in circulation of CRC patients are associated with advanced stage 

disease and poorly differentiated tumours (Appendix 13.3, Figure III). Ma et al., investigated 

levels of circulating MDSCs in patients with premalignant colon polyposis/colon cancer and 

reported that MDSCs are also elevated in premalignant states [174]. Moreover, Wang et al., 

reported the prognostic significance of levels of pre-treatment circulating MDSCs, which were 

increased in advanced stages of solid malignancies and correlated with disease 

progression/metastases and shorter survival [175]. These findings show the significance of 

circulating MDSCs in CRC patients with disease progression, and our work here has shown 

that these expanded MDSCs comprise primarily of immunosuppressive GMCs. In addition, 

our finding of associations between increased levels of circulation GMCs with tumour 

histological grades also suggest a role in disease progression, whereby tumours become less 

differentiated, leading to tumour budding and metastasis in advanced stage disease [176]. 

Furthermore, accumulation of immature myeloid cells (IMCs) and high ARG-1 expression in 

the CRC TME in our study also reflects recruitment of IMCs under the ‘emergency 

myelopoiesis’ driven by tumour-derived factors to favour tumour progression [81], but detailed 

scrutiny of their roles within the TME warrants further investigations. Expansion of ARG-1+ 

circulating GMCs, tumour infiltrating GMCs and IMCs in CRC patients from this study are 

reanalysed and visualized in Appendices 13.2–13.3 (more thoroughly discussed in Section 10, 

Conclusion). 

Due to the aforementioned relevance of MDSCs in tumour progression, investigations into the 

identification and roles of immunosuppressive myeloid cells in various malignancies, including 

CRC, are ongoing and frequently unravel novel aspects of their phenotypes/functionality. For 

instance, Dufait et. al., showed that inhibition of CTL responses by MDSCs was abrogated via 
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blocking ARG-1 and iNOS from M-MDSCs generated from mouse bone marrow cells and 

using the GM-CSF-secreting mouse colon cancer cell line (CT26) [177]. More recently, 

Fedorova et al., showed increased levels of circulating PMN-MDSCs in CRC patients with 

distant metastases, while anti-cancer treatment led to a decrease in circulating PMN-MDSCs 

in some and increase in the levels of M-MDSCs in most of the patients from their modest 

patient cohort (n=10) [178]. Karakasheva et al., reported that circulating M-MDSC and PMN-

MDSCs from CRC patients express CD38 and these cells are significantly increased in patients 

who previously received treatment [179]. The same authors also showed that CD38+ M-MDSC 

exhibited strong immunosuppressive ability and rationalized using anti-CD38 antibodies for 

treating CRC patients with advanced stage disease [179]. Notably, Chen et al., recently probed 

the effects of MDSCs on the efficacy of anti-PD-1 therapy in CRC patients [180] using 

organoids from CRC patients (n=13). The authors showed that non-responding organoids had 

higher levels of MDSCs, which were remarkably suppressed by activated T cells via type I 

IFNs and TNF-α, thereby suggesting abrogation of MDSC-mediated suppression as a 

prerequisite for successful anti-PD-1 therapy in CRC patients [180].  
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9.2. Circulating and tumour-infiltrating myeloid cells in breast cancer patients 

The modulation of the immune response to favour cancer progression is evident in BC 

pathogenesis and has also been implicated in disease relapse [181]. Importantly, the immune 

constituents of breast tumours may also predict the onset/progression or recurrence of BC 

[182]. However, the majority of studies have primarily focussed on the TME of BC and limited 

data are available on the concurrent immune status in the periphery of BC patients. More 

specifically, immunosuppressive myeloid cells which can greatly influence disease progression 

have not been fully explored in BC patients and the limited available data have been 

predominantly generated from murine studies. Moreover, breast tumour-associated myeloid 

cells mainly comprise TAMs and MDSCs, which possess potent immunosuppressive traits; 

however, due to their heterogenous nature,  their identification warrants detailed phenotypical 

classification. 

MDSCs have been investigated in BC patients before [90, 169, 183-186]. These studies 

reported expansion of immunosuppressive MDSCs in breast tumours and circulation of BC 

patients using varying sets of markers for MDSC identification and/or examining their 

function. However, the majority of these studies investigated MDSCs in advanced-stage BC 

patients. For instance, Yu et al., reported expansion of CD45+CD13+CD33+CD14-CD15- 

MDSCs exhibiting high IDO expression in both circulation and TME, which correlated with 

increased Treg levels in BC patients with lymph node metastasis [90]. Cole et al., reported 

expansion of circulating MDSCs which correlated with level of circulating tumour cells 

(CTCs) in patients with metastatic BC [185]. Others also reported mechanisms of MDSC 

induction and associations between levels of circulating MDSCs and therapy response in BC. 

Oh et al., showed IL-6-dependant recruitment of MDSCs in BC tumour models, which in turn 

released excess of IL-6 levels to facilitate further MDSC recruitment to metastatic tumours 

[187]. Peng et al., showed that IL-6 from MDSC leads to phosphorylation of STAT3 and 
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activation of NOTCH pathways to promote stem cell-like properties in BC cells [188]. The 

authors also reported correlations between tumour-infiltrating MDSCs and cancer stem cell-

like cells with poor survival in BC patients [188]. Wesolowski et al., reported an increase in 

levels of G-MDSCs following doxorubicin/cyclophosphamide therapy [189]. Interestingly, 

Montero et al., reported a reduction in circulating MDSC levels following treatment with 

doxorubicin-cyclophosphamide/docetaxel/NOV-002 chemotherapy in a phase 2 clinical trial 

comprising of 39 BC patients, which was associated with higher probability of complete 

pathological response [190].  

Thus, the challenges associated with identifying MDSCs using a definite set of markers and 

investigating MDSCs in BC patients with early-stage disease prompted us to investigate the 

levels and associations with disease progression in BC patients with varying 

clinicopathological features. The patients in our study cohort primarily presented with early-

stage disease with well-differentiated tumours and a fraction of patients presented with 

lymphovascular invasion/TNBC (Figure 6). The findings of our study are summarized in 

Figure 8 and presented in Appendices 13.1 and 13.2, Figures I and II. 

 
Figure 8. Accumulation of immunosuppressive myeloid cells in the breast tumour 
microenvironment. Flow cytometric analyses were performed to determine and compare the levels of 
different myeloid cell subsets in fresh whole blood samples from BC patients and HDs, as well as cells 
isolated from tumour tissues and the corresponding normal tissues of BC patients. We found 
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significantly higher levels of tumour-infiltrating neutrophils/granulocytic-MDSCs (N/G-MDSCs) and 
immature MDSCs (IM-MDSCs) expressing high levels of ARG-1 in BC patients. Importantly, this 
expansion was not emulated in peripheral blood of BC patients. [2]  
 

 We found an expansion of tumour-infiltrating immature MDSCs (IM-MDSCs) and myeloid 

cells with granulocytic morphology, identified as neutrophil/G-MDSCs to emphasize the 

phenotypic and functional resemblance between neutrophils and G-MDSCs. Moreover, high 

ARG-1 expression within the TME showed the potent immunosuppressive activity of these 

cells in breast tumours. However, we did not find any associations with tumour stage or grades, 

arguably since our cohort did not include any stage IV patients exhibiting metastasis. These 

findings support evidence from the other studies that increased levels of tumour-infiltrating 

immunosuppressive myeloid cells are only associated with metastatic BC. Furthermore, we 

reported that this expansion of MDSCs was not reflected in the circulation. In contrast, 

Safarzadeh et al., reported a 10-fold increase in levels of circulating MDSCs identified as HLA-

DR-CD33+ myeloid cells in BC patients compared to healthy donors [191]. Moreover, the same 

authors showed that both M-MDSC and G-MDSC were elevated in the circulation of BC 

patients and associated with disease progression, as well as being more T cell suppression 

competent than MDSCs from healthy donors [191]. However, contrary to our study, those 

authors used PBMCs in their analyses in lieu of whole blood, and moreover their phenotypic 

classification of MDSCs also differed from our study. Therefore, these differences further 

consolidate the necessity of using a unified set of markers for MDSC identification and 

consensual use of starting material in investigations on MDSCs.  

In addition, the roles of tumour-infiltrating MDSCs in immune modulation to favour BC 

progression has also been explored in various studies. Gonda et al., reported higher levels of 

circulating CD14-CD11b+CD33+ MDSCs in preoperative BC patients and patients with 

recurrent disease in samples from 155 BC patients [82]. Moreover, MDSC levels in the 

preoperative patient cohort correlated with IL-6 levels, C-reactive protein and neutrophil to 
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lymphocyte ratio but showed inverse correlation with IFNγ and IL-12 levels suggesting that 

MDSCs favour Th2-related immunity in BC patients [82]. In addition, Ma et al., showed that 

circulating MDSCs, identified based on lineage markers, were elevated in BC patients and 

correlated with staging but more crucially, Th17 cytokines were reduced in BC patients and 

administration of IL-17 could inhibit MDSC proliferation [192].  

Therefore, circulating and tumour-infiltrating MDSCs have gained great importance in BC 

pathogenesis and progression, but challenges associated with their identification require further 

exploration in continued research. For instance, Alshetaiwi et al., recently performed single-

cell analyses on MDSCs from BC models and revealed unique gene signatures that 

distinguished MDSCs from other myeloid cells, identifying CD84 as a robust marker for 

MDSC identification [193].  
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9.3. Transcriptomic profiling of tumour-infiltrating myeloid cells in colorectal cancer 

patients 

Tumour-infiltrating myeloid cells have been identified as an important component of the TME, 

and can have both pro- and anti-tumour roles that affect tumour progression [194]. Myeloid 

cells in the TME include macrophages (TAMs) and DCs generated from monocytes, 

neutrophils (TANs), basophils, eosinophils, mast cells and most notably, MDSCs. Tumour-

infiltrating myeloid cells have primarily been associated with worse prognosis in various 

malignancies due to their vital roles in immunosuppression; however, evidence has also been 

emerging for immune stimulatory and anti-tumour roles of myeloid cells within the TME [194]. 

TAMs present as the most abundant myeloid cells in the TME alongside MDSCs, compared to 

other myeloid cells and are mostly associated with poor prognosis in various cancers [195]. 

However, anti-tumour roles of TAMs and associations with improved survival have also been 

reported in selective cancers, including CRC [196]. Overall, myeloid lineage cells are the 

predominant cellular population within the TME and therefore merit greater scrutiny to 

establish their roles in anti-tumour immunity.  

Probing for phenotypic classifications, protein expression and/or detection of released factors 

from myeloid cells within the TME can yield information to identify the roles of certain 

myeloid subsets within the TME. However, the crosstalk between myeloid cells and other 

constituents of the TME can be elaborated on via disclosing the genetic makeup of tumour-

infiltrating myeloid cells in order to reveal the underlying molecular mechanisms and identify 

their anti- or pro-tumour associated pathways. For instance, comprehensive molecular 

characterization of human CRC provided important insights into hypermutated and non-

hypermutated tumours [197]. These genomic aberrations in tumours compared to normal tissue 

led to the identification of various gene signatures and associations with CRC prognosis [197]. 

Our aim here was to focus such investigations on myeloid lineage cells infiltrating colorectal 
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tumours from patients with varying disease stages to disclose the differentially regulated genes 

and their associated pathways involved in disease progression.  

The transcriptomic profiles of tumour-infiltrating myeloid cells have been investigated in 

different cancers, and it revealed their vast heterogeneity in functionality [198, 199]. Notably, 

Zhang et al., recently performed single-cell RNA-Seq on tumour samples from CRC patients 

and identified 13 different clusters of tumour-infiltrating myeloid cells, which included DC 

and macrophage populations enriched in CRC tumours [200]. Moreover, the authors compared 

the transcriptomes of different TAM subtypes and reported enrichment of angiogenic, ECM 

receptor, vasculature, complement, colorectal adenoma and liver metastasis related pathways 

in selective pro-tumorigenic macrophage subtypes, whereas complement- and antigen 

presentation and processing-related pathways were enriched in other, anti-tumour 

macrophages [200]. These findings revealed a functional heterogeneity in TAMs in CRC 

patients, and with opposing roles in tumour immunity. However, while these studies provided 

important insights into tumour-infiltrating myeloid cells, their roles in disease progression have 

not been previously explored at the transcriptomic level in CRC patients. 

In this study, we found upregulation of pro-angiogenic and hypoxia-related genes whilst genes 

related to inflammatory/immune responses were downregulated, in myeloid cells from CRC 

patients with progressive disease stages. These findings are of significance and reflect the 

influence of the compromised innate immune responses in myeloid cells on the frail anti-

tumour adaptive immune responses in CRC patients at advanced disease stages. In addition, 

complement and coagulation, and peroxisome proliferator-activated receptor (PPAR) 

signalling were upregulated, while cytokine-cytokine interaction, chemokine signalling and T 

cell activation-related pathways were also diminished in myeloid cells in patients with 

advanced stage disease (Appendix 13.4, Figure IV). Activation of complement and related 

pathways including removal of apoptotic cells, angiogenesis and coagulation has been 
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observed in neoplastic patients [201]. Moreover, the roles of PPARs in CRC progression 

remain elusive, with evidence of both anti-and pro-tumour roles [202]. Our findings 

demonstrate the amplified involvement of tumour-infiltrating myeloid cells in the processes 

that occur in advanced stage CRC patients which, coupled with impaired immune cell 

signalling and T cell responses, could lie behind the devastating effects on disease prognosis. 

Lastly, we identified a unique gene signature as an indicator for disease-specific survival in 

CRC patients, which we referred to as “poor prognosis CD33+ gene signature” by aligning our 

results with data from the TCGA cancer genome atlas, reflecting the clinical significance of 

our findings. Importantly, this gene signature was identified regardless of patients’ clinical 

parameters as 2 patients out of 7 patients who showed high ppCD33sig score presented with 

early-stage disease (I and II). Moreover, although the TCGA data alignment showed patients 

at advanced stages (III and IV) were more likely to have high ppCD33sig score (85 out of 151 

patients with high ppCD33sig), high ppCD33sig was also exhibited in early-stage patients (66 

out of 151 patients). Therefore, our identified gene signature takes into consideration multiple 

parameters in assessing disease prognosis since it is not linked with the TNM staging system 

but instead is based on identification of dysregulated genes in CRC patients at varying disease 

stages (Appendix 13.5, Figure V). The overall findings of this study are depicted in Figure 9. 

Figure 9. Transcriptomic characteristics of myeloid cells in colorectal tumour microenvironment. 
CD33+ myeloid cells were sorted from bulk tumours of CRC patients at varying disease stages (n=13) 
and RNA-Seq was performed to identify the differentially regulated genes and their associated 
pathways. In addition, an independent prognostic indicator for disease-specific survival in CRC patients 
was identified. [3] 
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9.4. Tumour-infiltrating lymphocytes in breast cancer patients. 

TILs have been implicated as important immunological biomarkers across different types of 

BC [203]. The prognostic and potential therapeutic significance of TILs in BC is however 

predominantly elucidated via morphological assessment of breast tumours under the 

microscope, with a focus on immune infiltrates within the invasive margin: ‘intratumoral’ TILs 

which are in direct contact with tumour cells or ‘stromal’ TILs which are in close proximity to 

tumour cells but in the surrounding stroma [203]. The presence of TILs can be reported as 

percentage stromal TILs (area occupied by immune cells within the stromal area) but efforts to 

adapt a standardized ‘immunological score’ for TILs evaluation in BC are ongoing and 

methodologies in addition to morphological assessment have also been recommended [203]. 

Importantly, the TME across all BC subtypes may have low, intermediate or high levels of 

immune cell infiltrates and correspond to varying effects on disease outcome/patient survival: 

lymphocyte predominant BC (elevated levels of TILs) in TNBC and Her2+ BC showed 

increased DFS and OS, while elevated levels of CTLs corresponded with prolonged DFS in 

TNBC and Her2+ BC, and prolonged OS in TNBC and hormone receptor (HR)+ BC [204]. 

Notably, increased levels of tumour-infiltrating Tregs corresponded with reduced relapse-free 

survival (RFS) in DCIS BC and shorter DFS and OS in HR+ BC [204]. Moreover, while 

univariate analyses revealed associations between increased levels of tumour-infiltrating Tregs 

with tumour grade and worse prognosis in primary BC patients, multivariate analyses did not 

show any significant prognostic significance [205]. In addition, elevated levels of TILs also 

correspond with increased PD-L1 expression within the TME [206], which indicates the 

importance of IC pathways on BC prognosis. These reports highlight the significance of TILs 

in clinical outcomes of BC and highlight the importance of investigating the phenotypes of 

immune cell infiltrates in further detail so as to determine their prognostic significance.  
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In this study, we investigated tumour-infiltrating T cells in breast tumours by focusing on Tregs 

and compared with their counterparts residing in normal breast tissues, and also in circulation 

of BC patients and healthy donors. Tumour-induced factors can affect the influx of immune 

cells within the TME [40]. This justified the importance of comparing TILs with cells residing 

in normal tissues to identify the variations in immune constituents of the TME, by keeping the 

TME as a contextual factor. In addition, investigating and comparing circulating immune cells 

in BC patients with HDs has the potential of indicating risk of developing BC, as evident from 

studies showing higher neutrophil to lymphocyte (NLR) ratios in BC patients [207] and 

indications of active conversion of naïve CD4+ T cells to Tregs via tumour-derived TGF-β 

[208], leading to their elevated levels in circulation. Moreover, Foulds et al., showed that 

circulating immune cells in BC patients are influenced by tumour stage and their transcriptomic 

profiles may predict onset of relapse in TNBC [209]. 

In the present study, we found increased infiltration of T cells in the TME compared to normal 

tissue milieu. The findings from this study are presented in Figure 10. 

 
 
Figure 10. Tumour-infiltrating lymphocytes in breast tumour microenvironment. Flow cytometric 
analyses were performed to investigate and compare the levels of different T cell subsets in PBMC 
samples from BC patients and HDs, as well as cells isolated from tumour tissues and matched, adjacent 
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normal tissues of BC patients. We found that tumour-infiltrating T cells in BC patients show exhausted 
phenotypes, and also that highly immunosuppressive Tregs expressing multiple immune checkpoints 
accumulate in breast tumours. [4] 
 
 
Importantly, we found that the accumulated T cells in the TME of BC patients comprised of 

both CD4+ and CD8+ T cells expressing multiple ICs and Treg-related markers (Appendix 13.6, 

Figure 6). Huang et al., also reported expansion of both CD4+ and CD8+ T cells in the TME of 

BC patients (n=81) and found a strong correlation between levels of CD4+ TILs and FoxP3+, 

and IL-17+ TILs [210]. Importantly, the same authors reported strong correlations between 

elevated levels of CD4+ TILs with advanced disease stage, tumour size and Her2 expression 

but an inverse correlation with RFS, and low intratumoral CD4/CD8 ratios with worse clinical 

outcomes [210]. Also, Georgiannos et al., reported that breast tumours (n=60) with 

intermediate levels of TILs had higher levels of Th cells, while tumours with high infiltration 

of TILs predominantly showed higher proportion of CTLs [211]. Moreover, the expression of 

IL2-R (CD25) was also associated with elevated levels of TILs [211]. We also found elevated 

CD25 expression on CD4+ TILs, which indicated presence of Tregs in the TME. However, to 

comprehensively probe the phenotypes of T cells in breast TME, we investigated expression 

levels of vital Treg-related markers and also ICs on TILs from BC patients.  

FoxP3+ Tregs comprise various subsets and additional markers such as CD25 confirm their 

identification [93], endorse their stability such as Helios [212] and functionality such as CTLA-

4 [213] and LAP [214]. We found elevated LAP expression and expansion of FoxP3+Helios+ 

Tregs, which co-expressed CTLA-4 and PD-1 in breast TME. Of note, we also found 

significantly higher levels of CD4+FoxP3+ Tregs in circulation of BC patients compared to 

HDs but TILs showed significantly higher FoxP3 expression than BC PBMC. Importantly, we 

also reported correlations between FoxP3 and Helios expression, CTLA-4 and FoxP3 

expression, and CTLA-4 and Helios expression within the TME. These findings showed that 

accumulated Tregs in breast TME represent potent and stable Tregs. Plitas et al., also reported 
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presence of potent immunosuppressive Tregs in treatment naïve primary BC patients (n=105). 

Importantly, the authors reported that gene profiles of tumour-infiltrating Tregs largely 

resembled Tregs residing in normal breast tissues but not activated circulating Tregs, except 

for selective genes, which included CCR8, presenting it as a potential therapeutic target in BC 

patients [215]. 

T cell exhaustion is identified by loss of effector functions and is evidenced by high expression 

of inhibitory ICs such as PD-1 [115]. CD39 has also been implicated in T cell exhaustion and 

is upregulated on various immune cells in hypoxic conditions to promote adenosine hydrolysis 

and also assists immunosuppressive potential of Tregs, presenting itself as a feasible candidate 

of anti-cancer therapy in preclinical models [216]. We found high PD-1 and CD39 expression 

on CD4+ and CD8+ TILs, representing exhausted states of these cells. Of note, T cell exhaustion 

and immune dysfunction within the TME can be reverted to reinstate anti-tumour immunity 

[115], thereby presenting a therapeutic opportunity in these patients. Lastly, BC patients may 

also benefit from IC blockade due to increased expression of PD-L1 within the TME, which 

corresponded with longer OS (meta-analysis; n=3371) [217]. 
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 9.5. T cells and immune checkpoints in periphery and tumour microenvironment of 

colorectal cancer patients. 

Numerous studies have shown that immune cells in the TME can affect cancer progression, 

especially in inflammation-related cancers such as CRC [218]. Amongst these, the prognostic 

significance of TILs in CRC has been extensively studied [99]. Low levels of TILs have been 

shown to correlate with poorly differentiated tumours, perineural invasion and with reduced 

survival rates [219]. In contrast, CRC tumours with high levels of TILs and elevated mRNA 

levels of Th1 cell-related molecules, T-bet, IFNγ and granzyme B did not exhibit early signs 

of metastatic invasion, and moreover those tumours were devoid of mediators of inflammation 

or immunosuppressive molecules [220].  

While elevated levels of CD8+ TILs have been shown to correlate with improved prognosis of 

CRC, the relation between increased levels of CD8+ TILs and CRC prognosis is not entirely 

aligned with CD4+ TILs, primarily due to the presence of immunosuppressive Tregs found to 

be associated with decreased DFS and OS [221]. Improved prognosis in CRC patients has been 

shown to be associated with active cytotoxic immune responses, evident from elevated levels 

of CD3+ and CD8+ TILs, and referred to as immunoscore [48, 51, 99, 222]. Moreover, the 

densities of tumour-infiltrating CD4+ and CD8+ memory T cells were shown to be lower in 

patients who exhibit tumour invasion or recurrence [99]. By striking contrast, Kuwahara et al., 

showed that high CD4+ T cell and FOXP3+ T cell infiltration was associated with improved 

relapse-free survival (RFS) and DSS, while high CD8+ T cell infiltration was associated with 

improved RFS only in CRC patients [223]. Notably, the majority of the patients in their cohort 

presented with stage I & II CRC (67%), whilst the remaining patients presented with stage III 

CRC (33%) [223], implying that High FoxP3+ Treg infiltration in early-stage patients could 

lead to favourable outcomes. Increased levels of tumour-infiltrating Tregs may be beneficial 

during the initial stages of CRC, where inflammatory responses primarily drive tumour 



 56 

progression, whereas in advanced stages, Tregs promote tumour progression via suppressing 

tumour-reactive T cells [224]. Importantly, FoxP3-expressing T cells are identified as FOXP3hi 

Tregs and FOXP3low, which do not express CD45RA or exhibit stable FOXP3 and are 

identified as non-suppressive non-Tregs [102]. Therefore, a detailed classification and 

evidence of the suppressive activity of FoxP3+ Tregs are required to establish their roles in 

tumour progression.  

Apart from Tregs, IC pathways hold immense significance in CRC pathogenesis and 

progression. Ge et al., reported associations between PD-1 polymorphisms and susceptibility 

of CRC onset [225]. Similarly, Qi et al., also reported associations between CTLA-4 

polymorphisms and CRC susceptibility [226]. Numerous studies showed elevated IC 

expression in periphery and TME of CRC patients, solidifying the rationale for employing IC 

blockade in treating CRC patients [227]. Importantly, Hua et al., reported an inverse correlation 

between B7-H1 (PD-L1) expression in CRC TME with T cell density, and elevated PD-L1 

expression coincided with increased Treg infiltration and worse prognosis [228]. However, a 

study by Droeser et al., on CRC tumours (n=1491) showed strong associations between PD-

L1 expression, increased CTL infiltration and IFNγ expression and improved survival in DNA 

mismatch repair (dMMR)-proficient tumours, while dMMR-deficient CRC tumours 

(microsatellite instability high: MSI/H) did not show such associations [229]. In addition, Lal 

et al., defined an immune signature consisting of 28 genes termed ‘Coordinate Immune 

Response Cluster’ (CIRC) from TCGA CRC datasets, which included important T cell-related 

genes and inhibitory IC genes, and showed that MSI-H patients exhibit high CIRC expression 

correspond to high tumour mutation burden and immune cell infiltration but elevated IC 

expression [230]. Similar investigations and reports from key clinical trials eventually led to 

FDA approval of pembrolizumab and nivolumab for dMMR deficient/MSI-H CRC tumours 

[231]. 
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Our study showed expansion of potentially stable and highly immunosuppressive 

FoxP3+Helios+ Tregs, upregulating multiple ICs including CTLA-4, TIM-3 and LAG-3 

expressed primarily on FoxP3high Tregs in the CRC TME. Moreover, we reported that 

inhibitory ICs TIM-3, CTLA-4 and LAG-3 were highly upregulated and co-expressed with 

PD-1 on CD4+ T cells within the TME compared to periphery. Importantly, we found that 

CTLA-4-expressing T cells in circulation are increased in patients with advanced stage disease. 

However, we did not find any other correlation between IC-expressing T cells in the TME with 

disease progression as evident from TNM stage or tumour budding, which can potentially mark 

the advent of metastatic invasion. Of note, the dMMR status also did not show any effects on 

IC expression in our study. These findings highlight that checkpoint pathways are indeed 

actively exploited in the CRC TME, plausibly to aid tumour immune escape. Figure 11 

summarizes the findings of this study. 

 
Figure 11. Immune checkpoint and Treg-related marker expression on circulating and tumour-
infiltrating T cell subsets in colorectal cancer patients. Flow cytometric analyses were performed to 
investigate and compare the expression levels of different immune checkpoints and Treg-related 
markers in PBMC samples and cells isolated from tumour tissues and paired, adjacent normal tissues 
of CRC patients. We found that tumour-infiltrating T cells expressing high levels of multiple immune 
checkpoints and immunosuppressive Tregs co-expressing multiple immune checkpoints accumulate in 
CRC tumours. Moreover, the levels of circulating CD4+CTLA-4+cells were increased in patients with 
advanced stage disease. [5] 
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The prognostic significance of ICs in CRC has been extensively explored. Xu et al., reported 

higher TIM-3 expression on circulating CD8+PD-1+ T cells in CRC patients (n=54) compared 

to HDs (20), which corresponded with disease staging [232]. A similar increase was also 

recorded in the TME and these cells released less IFN-γ compared to CD8+TIM-3-PD-1+ TILs, 

but their level was not associated with disease progression [232]. Yu et al., highlighted the 

prognostic significance of overall TIM-3 expression within the CRC TME [233]. The same 

authors showed that elevated TIM-3 expression in CRC tumours compared to normal tissues 

(n=30) was associated with tumour size, staging and metastasis [233]. However, in the case of 

PD-L1, different reports have presented conflicting conclusions. For instance, Li et al., 

reported that elevated PD-1 and PD-L1 expression correlated with better OS in CRC patients, 

while PD-1 expression on TILs was an independent prognostic indicator for OS and DFS, 

especially in patients with proficient MMR (TCGA datasets: n=356 and patient cohort: n=276) 

[234]. Berntsson et al., attributed the prognostic significance of PD-L1 in CRC patients to type 

of cells or on tumour location: high PD-L1 expression on TILs corresponded with longer OS 

in overall CRC as opposed to rectal tumours only, overall PD-L1 expression in the TME 

showed no prognostic significance, while PD-1 expression on TILs from right-sided tumours 

only corresponded with longer OS. Kitsou et al., undertook a comprehensive analysis of the 

prognostic significance of ICs in CRC by investigating TIL load, mutation rate and disease 

outcomes based on TCGA datasets (n=453) [235]. High CTLA-4, IDO1, TIGIT, PD-1 were 

associated with longer OS, while the expressions of PD-1, PD-L1, CTLA-4 and IDO-1 were 

prevalent with high mutational load in colon adenocarcinoma patients [235]. The authors 

concluded that patients with colon cancer presenting with high PD-1, PD-L1, CTLA-4 and 

IDO-1 expression coupled with high mutation rate can potentially benefit more from IC 

inhibition [235]. Thus, the clinical and potential prognostic significance of the expression 
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levels of different ICs in CRC patients, especially within the TME as reported in our study, 

may be further clarified through investigating associations with TCGA patient survival 

datasets.  
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 9.6. Effect of pharmacological immune checkpoint blockade on regulatory T cells in 

breast cancer patients. 

Pembrolizumab (anti-PD-1: MK-3475/SCH900475/Keytruda; Merck, USA) is a humanized 

monoclonal IgG4 antibody designed to serve as a decoy for blocking inhibitory signalling for 

T cell activation via the PD-1/PD-L1 axis [236]. Initially approved for treating unresectable or 

metastatic melanoma patients in 2014, it was eventually granted FDA approval in 2017 for 

treating any unresectable or metastatic microsatellite instability-high solid tumours [156]. 

However, similar to other IC inhibitors, response rates and resistance mechanisms remain 

major barriers for its efficacy in treating cancer patients. 

Tregs are identified as important contributors in extrinsic mechanisms of resistance to 

immunotherapy within the TME [161]. Importantly, interactions between PD-1 on Tregs with 

PD-L1 promote Treg development and functionality in the TME [237]. Therefore, increased 

IC/IC ligand expression coupled with elevated Treg infiltration within tumours present as a 

compelling threat to effective immunotherapy. In this study, we investigated the effects of 

pembrolizumab on thymic-derived Tregs in vitro to uncover any effects on phenotype or 

functionality of Tregs following blockade along the PD-1/PD-L1 axis in activated and non-

activated PBMCs from HD and BC patients.  

Disruptions in PD-1/PD-L1 pathway lead to activation and revival of various immune cell 

populations including effector T cells, and is expected to have opposing effects on Tregs to 

confine their immunosuppressive potentials. However, we found that despite effective 

blockade of PD-1 expression, Treg phenotype or suppressive functionality remained unaffected 

(Appendix 13.7, Figure 7). This effect was evident from no significant changes recorded in 

characteristic Treg markers: CD25, FoxP3 and CTLA-4, and markers related to Treg 

stability/function: Helios, LAP and CD15S [101]. In addition, pembrolizumab did not affect 

Ki-67 expression, which serves as a marker for cell proliferation [238], on different Treg 
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subsets. Importantly, we found that pembrolizumab had a greater effect on non-Tregs, as 

evident from greater reduction in PD-1 expression following treatment compared to reduction 

in PD-1 expression on CD25+ cells. These findings fortify the notion that blocking PD-1/PD-

L1 signalling can rejuvenate non-Treg populations and promote anti-tumour immunity. 

However, this revival in effector functions is possibly not supported with increased 

proliferation as Ki-67 expression remained unchanged in CD25- cells also following treatment 

with pembrolizumab. Importantly, Kumagai et al., recently showed that reinstatement of PD-

1-expressing effector T cells as opposed to PD-1-expressing Tregs via PD-1 blockade is 

essential for anti-tumour response [239]. 

We also focused our investigations on differences in various circulating Treg populations in 

healthy donors and BC patients. CD15S-expressing FoxP3high Tregs have been previously 

recognized as highly immunosuppressive [103], while LAP-expressing Tregs which exploit 

TGF-β-mediated immunosuppression have also been reported as potent Tregs [214]. We found 

that CD15S was mainly expressed on FoxP3-Helios+ Tregs in HDs but was highly expressed 

in FoxP3+Helios+ Tregs from BC patients. Of note, LAP was not highly expressed in non-

activated states and its expression did not differ significantly amongst different Treg subsets. 

These findings show presence of highly immunosuppressive Tregs in circulation of BC 

patients, contributing towards systemic immunosuppression in them. 

Overall, this study demonstrates that while PD-1 blockade does not affect the functionality of 

tTreg, it has a profound effect on PD-1 expression in other cells, which could assist in 

reinstatement of their effector functions. Findings of this study are depicted in Figure 12. 
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Figure 12. Effect of pembrolizumab on Tregs. PBMC from healthy donors (HDs; n=8) and primary 
breast cancer patients (PBC; n=8) were cultured in the presence or absence of pembrolizumab and 
comparative flow cytometric analyses were performed to investigate effects on Treg-related markers 
(CD25, FoxP3, Helios, CTLA-4, LAP, CD15S, PD-1 and Ki-67). Pembrolizumab effectively blocked 
PD-1 expression and showed a greater effect on non-Tregs but did not affect Treg phenotype, 
proliferation or function, evident from unchained expression of proliferation and Treg-related markers 
following treatment. [6] 
 

Other groups have also investigated the effects of IC inhibitors on Tregs. For instance, Reuben 

et al., reported a decrease in levels of CD4+CD25+ Tregs in metastatic melanoma patients who 

showed anti-tumour immune responses following CTLA-4 blockade but did not investigate 

effects on their suppressive activity [240]. In contrast, Maker et al., did not find any decrease 

in Treg levels or effect on their suppressive activity in metastatic melanoma and renal cancer 

patients [241]. With pembrolizumab, limited studies have reported its effects on Tregs. Ribas 

et al., did not find any change in Treg levels but reported expansion of effector T cells in tumour 

biopsies from metastatic melanoma patients (n=53) treated with pembrolizumab [242]. More 

recently, it was shown that pembrolizumab interferes with generation of Tregs and does not 

affect FoxP3 after differentiation or function of committed Tregs [243]. Taken together, these 

studies suggest that the anti-tumour effects of IC inhibitors are primarily achieved via 

promotion of T cell activation but not via inhibition or depletion of Tregs. 
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10. Conclusion 

CRC and BC are two of the most common cancers globally, but studies did not find any 

association between them in terms of increased reciprocal risk [244, 245]. Therefore, the 

findings reported in the set of works presented herein provide significant insights into the 

immune landscape of these two distinct solid cancers, in relation to immunosuppressive factors 

at play.    

In case of CRC, the modulation of immune homeostasis within the intestinal mucosa, which 

under normal physiological conditions is sustained in a balanced inflammatory state to ensure 

protective immunity and tolerance to self-antigens and commensal microflora, is linked with 

CRC onset and progression [246]. Notably, we report that both myeloid cells and T cells were 

present at significantly lower levels in normal colon tissues compared to tumours, which 

predominantly showed immature and granulocytic morphology and expressed high levels of 

ARG-1 [1].  Differentiating G-/PMN-MDSCs from circulating neutrophils or TANs was not 

possible in these studies as gradient centrifugation was not feasible due to limitations with cell 

numbers obtained from tissues. It is perhaps therefore, more suited to refer to these cells as 

neutrophils with immunosuppressive capabilities [79]. Thus, we referred to these cells as 

immunosuppressive GMCs or N/G-MDSCs to reiterate the continuing paradox associated with 

MDSC recognition. Moreover, contrary to the TME, T cells in normal colon tissues comprised 

of a higher proportion of CD3+CD4- T cells (potentially CD8+ T cells and γδ T cells) than CD4+ 

T cells [5], suggesting a shift in favour of levels of CD4+ T cells in CRC tumours. Further 

interrogation revealed that tumour-infiltrating CD4+ T cells comprise highly 

immunosuppressive Treg subsets and also overexpress multiple immune checkpoints. 

Investigating the concurrent immunosuppressive status in circulation also revealed expansion 

of circulating GMCs compared to HDs and patients with advanced stage disease and poorly 

differentiated tumours had higher levels of circulating GMCs. Of note, this increase may also 
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be correlated with increase in NLR ratio, identified as a prognostic factor for CRC patients 

[247], but requires further exploration. Lastly, CTLA-4-expressing T cells were found at 

significantly low levels in circulation of CRC patients which was associated with increase in 

disease stage, therefore implying a plausible role for these cells in CRC progression.  

In contrast to CRC, the immune landscape of breast tissue showed some remarkable 

differences. The principal difference observed was that contrary to normal colon tissue, which 

is heavily infiltrated with immune cells, normal breast tissue showed relatively scant levels of 

myeloid cells and T cells [2, 4]. Immune cells in breast tissue are predominantly contained in 

the epithelial component of breast ductal lobules [248]. Breast tumours however, were 

markedly infiltrated with high levels of potentially immunosuppressive myeloid cells and T 

cells, which expressed multiple ICs and predominantly comprised highly immunosuppressive 

and stable Tregs. Lastly, though we found accumulation of immunosuppressive myeloid cells 

in breast TME, this expansion was not reflected in peripheral blood. However, we did not have 

any stage IV BC patient in our modest cohort size, which would perhaps explain divergences 

compared to the other reports which included BC patients with metastatic disease in their larger 

patient cohorts and reported an increase in levels of circulating immunosuppressive cells in BC 

patients [186, 209]. Of note, we also had very few TNBC patients in our patient cohort.  

It is still not entirely clear how tumour-induced mutational landscape can dictate the 

composition of tumour immune microenvironment, but several groups have showed some 

associations between tumour genotypes and immune phenotypes [45]. Our investigations on 

the transcriptomic characteristics of tumour-infiltrating myeloid cells in CRC patients revealed 

their potential pro-tumour roles in advanced stage disease and reflected their possible 

involvement in shaping the immune landscape of CRC tumours via affecting immune cell 

recruitment and activation [3]. In addition, to improve the potential clinical utilization of the 
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identified prognostic gene signature, perhaps it may be stratified further to reduce it to few 

genes using sterner criteria in demarcating the gene expression cutoffs.  

We also reported that while pembrolizumab can effectively block signalling via the PD-1/PD-

L1 axis, it does not affect Treg phenotype or function [6]. This finding is of particular 

significance as it implies that while ICI may ensure sustained activation of effector T cells, 

Tregs remain unaffected and are fully capable of eliciting their immunosuppressive effects on 

effector T cells. Indeed, this could explain an added mechanism of therapy resistance or lack 

of response to ICI in some cancer patients. 

Despite the conclusions gained from this work, there are some clear limitations to this work. 

Perhaps, the foremost important limitation is the lack of functional studies due to limited 

numbers of cells especially from tissues to perform any functional assays. Secondly, in vivo 

investigations could not be performed due to lack of access to animal facilities. Lastly, the 

modest sample size and lack of correlations with inhouse patient cohort survival data would 

have strengthened the findings and provided important insights into their potential effects on 

clinical outcomes.  

Overall, this work has provided important insights into anti-tumour immunity in CRC and BC 

TME (Figure 13). We provided evidence that these distinct cancers in fact employ or exploit 

similar mechanisms of immunosuppression within the TME. In case of CRC, the infiltration 

of immune cells may be facilitated by the presence of high levels of immune cells in normal 

colon but the remarkable increase in immune cell infiltration in breast tumours compared to 

normal breast indicates the exuberant roles of effector immune cells in cancer progression.  

ICIs are currently only limited for treating selective subtypes of CRC and BC (Table 2). As 

ICIs modulate activity of immune cells, knowledge about the immune constituents of the TME 

is vital in not only identifying the targets of ICI but in also recognizing the potential 

contributors to resistance or lack of response.  
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Figure 13. Immunosuppressive cells and immune checkpoints in colorectal and breast cancers, 
effects on disease progression and therapeutic opportunities. A summary of the key findings of this 
study: accumulation of immunosuppressive myeloid cells with pro-tumour roles, alongside high levels 
of Tregs and IC expression in the TME of CRC and BC, while PD-1 blockade did not affect Treg 
phenotype or function. Assemblage of these immune subversive factors can potentially lead to tumour 
progression, lack of response to immunotherapy and ultimately worse disease outcomes. Multiple 
therapeutic strategies can be employed to overcome their effects. 
 
 

11. Future directions 

The challenges associated with MDSC identification, decrypting Treg heterogeneity, assessing 

their immunosuppressive potentials and disclosing molecular mechanisms behind their 

induction/trafficking in the TME and upregulation of IC/IC ligands in the TME are the 

discernible areas which warrant further research. Moreover, a unified characterisation of the 

TME for therapy selection and disease management, alongside utilization of a cohesive set of 

markers as biomarkers for response to therapy are indispensable to a successful clinical 

translation so as to improve clinical outcomes for cancer patients. Immunoscore and 

recommendations by the International TILs Working Group for characterization of the TME 

of BC have potentials for standardizing classification of the TME for prognostic/therapeutic 

applications.  
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Whilst numerous underlying factors have been explored and implicated in the onset of 

carcinogenesis, disease identification, management and treatment have been the core focus of 

anti-cancer research to improve quality of life and disease outcomes of cancer patients. 

Conventional anti-cancer therapies are increasingly being substituted by novel targeted cancer 

therapy regimes, innovative biological therapies, which include immunotherapies/oncolytic 

virus therapies, and gene therapies. These approaches, coupled with improved screening 

techniques, which benefit from novel cancer biomarkers and predictive biomarkers for 

response to therapy have the potentials of reducing the devastating global burden of CRC and 

BC. 

An important aspect in cancer immunotherapy is that many tumour antigens are normal 

antigens that have been mutated and against which it is difficult to elicit potent anti-cancer 

immunity. The work presented in this Commentary strengthens the power of the therapeutic 

opportunity in utilizing combination therapies such as combining multiple ICIs with MDSC or 

Treg targeting drugs in order to deplete the TME of immunosuppressive cells/their suppressive 

characteristics so as to tackle breast and colon tumours simultaneously on different fronts and 

ensure sustained and potent anti-tumour immunity. However in the case of Tregs, systemic 

depletion of Tregs may lead to autoimmunity and therefore, differentiated Tregs should be 

targeted instead of all FoxP3+ Tregs [98]. We presented specific Treg phenotypes, which are 

predominant in BC and CRC TME and may be targeted for clinical benefits. 

Moreover, predictive biomarkers such as looking for specific immune signatures or PD-L1 

expression in the TME can be used to potentially identify patients who will respond well to 

immunotherapy. Furthermore, ultimately precision medicine tailored to an individual patient 

based on the TME immune constituents and its gene signature has the potential of improving 

treatment for CRC and BC patients, especially with advanced stage disease, who currently have 

limited treatment options.  
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13. Appendices 

13.1. Expansion of circulating myeloid cells in CRC patients but not in BC patients. 

 
Figure I. Myeloid cells in circulation of healthy donors and cancer patients. Whole blood samples 
from healthy donors (HD; n=21), breast cancer patients (BC; n=23) and colorectal cancer patients 
(CRC; n=21) were stained for different myeloid cell markers and Arginase-1 (ARG-1). tSNE maps, 
generated from concatenated data from all individuals in each study cohort, show expression levels of 
the different myeloid markers in HD, BC and CRC patients (A). Cumulative scatter plots show 
differences in levels of circulating CD33+ myeloid cells, CD33+CD11b+HLA-DR-/LowCD14+CD15-

ARG-1+ M-MDSCs and CD33+CD11b+HLA-DR-/LowCD14-CD15+ARG-1+ G-MDSCs between HD, 
BC and CRC patients (B). (Generated from findings in [1, 2]). 
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13.2. Tumour-infiltrating GMCs and IMCs expanded in both BC and CRC TME. 

 

Figure II. Tumour-infiltrating myeloid cells in breast and colorectal cancer patients. Cells isolated 
from tumour and normal tissues from breast cancer (BC; n=7) and colorectal cancer patients (CRC; 
n=9) were stained for different myeloid cell markers for phenotypic characterization. Representative 
UMAP plots show the levels of different myeloid cell subtypes with expansion of immature (IMC) and 
granulocytic myeloid cells (GMC) in the tumour microenvironment of BC and CRC. (Generated from 
findings in [1, 2]). 
 

13.3. Circulating GMCs correlate with tumour progression and histological grade in 
CRC patients.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure III. Associations between levels of circulating GMCs in CRC patients and TNM staging 
and tumour histological grading. Cumulative plots show associations between levels of circulating 
ARG-1-expressing GMCs and TNM staging/ histological grade in CRC patients, compared to healthy 
donors. (Generated from findings in [1]). 
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13.4. Transcriptomic profiling of tumour-infiltrating myeloid cells in CRC patients. 
  

 
Figure IV. Differentially-expressed genes and associated pathways in tumour-infiltrating myeloid 
cells in CRC patients with varying disease stages. Transcriptomes of tumour infiltrating myeloid 
cells from CRC patients with advanced stage disease (n=5) were compared with cells from patients with 
early stage disease (n=8).  Pie-charts represent the upregulated and downregulated pathways. (Adapted 
from [3]). 
 

 

13.5. Identification of a unique gene signature with potential prognostic significance. 

 
Figure V. Prognostic significance of ‘poor prognosis CD33+ gene signature’ (ppCD33sig) in the 
TCGA CRC dataset.  Top 100 upregulated and downregulated genes from advanced versus early stage 
comparison of transcriptomes of tumour-infiltrating myeloid cells in CRC patients were aligned with 
TCGA CRC dataset to uncover ‘poorer prognosis CD33+ gene signature’ (ppCD33sig).  Kaplan-Meier 
plot shows disease-specific survival comparisons between patients with low, interim and high 
ppCD33sig (A). Bar plots show that ppCD33sig is independent of TNM staging system (B). (Adapted 
from [3]). 
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13.6. IC-expressing T cells and highly immunosuppressive Tregs accumulate in CRC and 
BC TME. 
 

Figure VI. Accumulation of immune checkpoint-expressing and Tregs in the tumour 
microenvironment of breast and colorectal cancers. Phenotypic characterization of cells isolated 
from normal and tumour tissues of breast cancer (BC) and colorectal cancer (CRC) patients was 
performed by flow cytometry. Representative tSNE maps show expression levels of selective immune 
checkpoints and Treg-related markers in normal tissue milieu and tumour microenvironment of BC and 
CRC patients. (Generated from findings in [4, 5]). 
 

 

13.7. Pembrolizumab does not affect Treg 
phenotype or function. 
 

Figure VII. In vitro effect of pembrolizumab on 
Tregs. PBMC from healthy donors (HD; n=8) and 
breast cancer patients (BC; n=8) were cultured in the 
presence and absence of 2µg pembrolizumab for 24 h 
(non-activated or activated with anti-CD3/CD28 
antibodies) and flow cytometric analyses were 
performed to investigate effects on 
CD4+FoxP3+Helios+ Regulatory T cells (Tregs). Violin 
plots show differences in treated and non-treated 
PBMC from HD and BC with data distribution. 
(Generated from findings in [6]). 
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13.8. Additional declarations 
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13.8.4. Graphical representations 

All figures/graphical representations were generated using FlowJo V.10 (FlowJo, Ashland, 

USA) and GraphPad Prism V.8 (GraphPad Software, California, USA) software or created 

with BioRender.com. 
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