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Abstract:  

Colorectal cancer (CRC) is one of the most common cancers worldwide. In recent years, attention 
has turned to the role of immune cells within the tumour microenvironment (TME). Immunoscore is 
one development that histopathologically classifies CRC based on the differences in the immune 
architecture of CD3+ and CD8+ T-cells. However, the colorectal TME is complex than this and more 
comprehensive approaches are required to map and interpret its composition. T cells and 
macrophages are abundant in the CRC TME, and their composition and functionality can 
significantly impact patient prognosis and survival. In particular, T cell exhaustion, characterized 
by non-functional bystander T cells expressing immune checkpoint molecules, plays a critical role 
in fostering malignant TME to promote cancer growth. Macrophages are also manipulated to favor 
tumour growth; however, there is limited data on their expression of checkpoint molecules. 

The CRC TME is well-established as one of the most diverse tumour microenvironments among 
solid cancers. Many studies have described the prognostic impact of macrophages and T cells, and 
the impact of factors such as tumour sidedness (right vs. left), mismatch repair (MMR) status (MSI 
vs. MSS), sample location (invasive margin, luminal side, tumour center, and adjacent normal 
tissue), and tumour grade/stage. With the advent of improved immune spatial platforms, we 
conducted a comprehensive exploration of the distribution and prognostic impact of T cells and 
macrophages that expressed PD1, LAG3, and TIM3 checkpoint molecules. 

Multiplex immunohistochemistry was applied to a tissue microarray representing 1,000 CRC 
patients each described by four cores from different pathological locations. Spatial analysis 
identified five distinct regions within the CRC TME and using Cytomaps identified a region 
characterized by a high density of macrophages and T cells. We found that the density of all studied 
checkpoint molecules was greater on macrophages and T cells in the stromal compartment 
compared to those in the intraepithelial regions. Notably, PD1 was expressed significantly more in 
T cells than in macrophages, while macrophages predominantly expressed TIM3. Intraepithelial 
infiltration of T cells associated with improved survival, regardless of the exhaustion markers or 
other variables analyzed in this study. In contrast, CD68 did not demonstrate prognostic value on 
its own; however, it may indicate a favorable prognosis at the invasive margins of MSS-CRC, 
particularly on the right side, during both early and advanced stages. Additionally, PD1 expression 
on T cells correlated with better survival outcomes, whereas the expression of TIM3 on both 
macrophages and T cells associated with reduced survival. LAG3 was not expressed in 
macrophages, and its expression on T cells did not provide prognostic value. 

Our findings underscore the need to consider the location and interactions of immune cells with 
and without checkpoint molecules within the CRC tumour microenvironment, not just their overall 
expression levels. Future research in this area is vital for creating effective, personalized 
immunotherapy treatments. 
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1 Chapter 1: Introduction 

1.1. Colorectal cancer 

1.1.1 Epidemiology  

Colorectal cancer (CRC) is the third most common cancer and the second leading cause 
of cancer-related death worldwide [1]. The incidence of CRC is significantly higher in 
developed countries compared to less developed regions [2]. While individuals over 50 
face a greater risk, with over 90% of cases occurring in this age group, there has been an 
alarming increase in CRC incidence in recent years, particularly among younger 
populations [3]. 

 

1.1.2  Origin and Etiology 

Based on the presence of adenomatosis polyps (sessile lesions found in the luminal part of 
the colorectum), there are two main classes of hereditary CRC, including the category of 
hereditary nonpolyposis colorectal cancer or Lynch syndrome (HNPCC), and the category 
of familial adenomatosis polyposis (FAP). In the category of FAP, one or more polyps in the 
absence of surgery develop into adenocarcinoma [4].  However, in HNPCC, previously 
known as Lynch syndrome, no polyps grow into adenocarcinoma, and they account for 
about 3 per cent of CRC [5]. This category usually involves the right cecum and colon.   

ÂŸũǃƓƚќШĬĲƻĲũŸƓůĲŰƣШŔŰƣŸШ9Å9ШċĬĲŰŸĦċƖĦŔŰŸůċШƣċťĲƚШƚĲƻĲƖċũШǃĲċƖƚШƻŔċШƣőĲШċĦĦƨůƨũċƣŔŸŰШ
of different genetic and epigenetic modifications [6]. Accumulated mutational 
burden(Table 1) contributes to significant inter-polyp heterogeneity within individuals, with 
only a limited subset of polyps progressing to CRC adenocarcinoma, Figure 1  [7]. 
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Table 1. Summary of Hereditary Syndromes Linked to CRC Risk. 

This table details the syndrome name, affected gene(s), inheritance pattern (AD: Autosomal Dominant, AR: Autosomal 
Recessive), and key clinical manifestations. BMPR1A; Bone Morphogenetic Protein Receptor Type 1A, BRRS; Bannayan-
Riley-Ruvalcaba Syndrome, CS; Cowden syndrome, GS; Gorlin syndrome, PS; Proteus-like syndromes, CHRPE: 
Congenital Hypertrophy of the Retinal Pigment Epithelium, CMMRD; Constitutional Mismatch Repair Deficiency, CRC; 
Colorectal Cancer, EALS; EPCAM-associated Lynch Syndrome, EPCAM; Epithelial Cell Adhesion Molecule, FAP;  
Familial Adenomatous Polyposis, GI; Gastrointestinal, HMPS; Hereditary Mixed Polyposis Syndrome, JP;  Juvenile 
Polyposis, LKB1/STK11; Liver Kinase B1/ Serine-Threonine Kinase 11,  LS: Lynch Syndrome MAP; MUTYH-Associated 
Polyposis, MLH1; MutL Homolog 1, MMR; Mismatch Repair,  MSH2; MutS Homolog 2,  MSH6; MutS Homolog 6, MUTYH; 
MutY DNA Glycosylase, PMS2; PMS1 Homolog 2, Mismatch Repair System Component,  POLD1; Polymerase Delta 1, 
Catalytic Subunit,  POLE; Polymerase Epsilon, Catalytic Subunit,  PPAP;  Polymerase Proofreading-Associated 
Polyposis, PS;  Peutz-Jeghers Syndrome , PTCH, Patched 1, PTEN: Phosphatase and Tensin Homolog, RNF43; Ring 
Finger Protein 43, SMAD4: SMAD Family Member 4. 

 

 

 Name Affected gene Inheritance  Clinical manifestation  

Inherited 
polyposis 
syndrome 
and 
associated 
spectra  

FAP APC AD Benign soft tissue tumour, CHRPE  

 

MAP, MUTYH-associated 
polyposis; 

MUTYH 

 
AD 

CRC-proximal colon, mucin, lymphocyte infiltration  

 
PPAP, polymerase-
proofreading-associated 
polyposis 

POLE, POLD1 

 
AD Lynch syndrome-like phenotype in a minority  

 

Sessile polyposis  

 
RNF43 

 
AD 5, >rectum ( 2, 10 mm), 20 ( 5, >rectum) 

 

PS 

 
LKB1/ STK11 AD Mucocutaneous pigmented macules  

 

JP, Juvenile polyposis 
SMAD4, BMPR1A 

 
AD 

5, extra bowel JP, family history 

 

PHTS, PTEN hamartoma 
tumour syndrome 

PTEN, PTCH 

 
AD Several syndromes including BRRS, CS, GS, PS. 

HMPS, hereditary mixed 
polyposis. 

SCG5/GREM1 

 
AD Adenoma, serrated/inflammatory polyp  

Lynch 
syndrome 
and 
associated 
spectra  

LS 
MMR genes: MLH1, MSH2, 

MSH6, PMS2 
AD  

Muir -Torre 

 
MMR genes and MUTYH 

65% AD (35%, 
AR) 

 

CMMRD, constitutional 
MMR deficiency 

PMS2, MSH6 

 
AD  

EALS, EPCAM-associated 
LS 

EPCAM, MSH2 silencing  

 
 

congenital tufting enteropathy  

 

familial colorectal cancer 
type X. 

Unidentified genes  

 
 site -specific distal CRC  

 

Tucket syndrome MLH1/ PMS2/APC AR  
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Figure 1. CRC Progression from Polyp to Adenocarcinoma.  

 
This diagram illustrates the stages of CRC development, beginning with small, benign polyps that can progress to larger 
adenomatous polyps (less than 1cm) and then to advanced adenomas (greater than 1cm). These advanced adenomas 
may develop into malignant adenocarcinoma (cancer). The percentages (from left to right: 100%, 90%, 75%, 40%, and 
5%) represent the approximate proportion of individuals who will develop each respective stage in the absence of 
screening. [8]. The stages displayed in the image are Early Stage, Stage I, Stage II, Stage III and Stage IV. These are split 
into two categories: Benign (Early Stage) and Malignant (Stage I, Stage II, Stage III and Stage IV) [8]. 

 

 

1.1.2.1 CRC Classifications  and survival  

The TNM (tumour, node, metastasis) system is the most common system for determining 
the survival of cancer. The information at the time of tumour resection helps predict the 
tumour stage and the likely outcome of the tumour. The TNM system is based on the 
pathology of tumour at the time of resection, in which T showing the tumour size, N 
showing the involvement of lymph nodes and M showing the presence of metastasis.  The 
higher degrees correlate with unfavorable outcomes.  TNM system does not use other 
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techniques, such as molecular signatures and immunohistochemistry for classification, 
which can provide valuable information regarding tumour growth. 

Several ways can be used to classify CRC's dynamic disease, which helps to provide a 
comprehensive understanding of its development and allows for personalized treatment 
approaches. Figure 2 shows different ways of CRC classifications. Histopathology-based 
classification provides a modest prognosis information [9]. Tumour location can provide 
different prognostic values, as left and right sides of colon have different embryonic origin 
and histology [8].   

 

Figure 2.  CRC Classifications.  

This diagram illustrates three different ways to classify CRC: by histopathology (microscopic appearance of tumour 
cells), tumour location within the colon, and molecular subtype. Red boxes indicate a poorer prognosis, Blue boxes 
indicate a better prognosis, and Gray boxes indicate no information available. Histopathological classifications include 
adenocarcinoma (and its differentiation grades), neuroendocrine, adenosquamous, squamous cell, spindle cell, and 
undifferentiated carcinomas. Tumour location is divided into right-sided (R-CRC) and left-sided (L-CRC), with further 
prognostic distinctions based on disease stage. Molecular subtypes include chromosomal instability (CIN), 
microsatellite instability (MSI), CpG island methylator phenotype (CIMP), and microsatellite stable (MSS). Adapted 
from[8-10]. 
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Molecular classification provides three different categories of CRC, including 
Chromosomal instability (CIN) , Microsatellite instability (MSI) , and CpG Island 
methylator phenotype (CIMP).CIN occurs due to a loss of function mutation in tumour 
suppressor genes(TSG) like AFP and P53 or gaining a function for an oncogene like KRAS 
genes [11]. As a result, newly formed tumour cells exhibit frequent genetic abnormalities. 
[12, 13]. FAP tumours and 80 per cent of sporadic CRC fall into CIN category [10]. MSI 
leads to the formation of tumour cells and results from mutations in mismatch repair 
(MMR) genes, including MLH1, MSH2, MSH6, and PMS2. The products of these genes 
participate in DNA repair and loss of their functionality results in a hypermutable 
phenotype in which there is a failure to fix errors in the repetitive elements of the genome 
[14]. About 15 per cent of sporadic tumours and Lynch syndrome tumours have MSI [15]. 
MSI provides valuable information regarding CRC prognosis in which MSI-positive 
adenocarcinoma has a more favorable response to immunotherapy, a poor response to 5-
fluorouracil, and a better overall prognosis [16], Figure 3.  

The third way of CRC formation is related to the aberrant epigenetic modifications  which 
is called CpG Island methylator phenotype (CIMP).  Although there is no mutation, the 
expression of TSGs, oncogenes, and MMR genes were changed due to aberrant 
methylation and acetylation [17]. Right-originated CRC are usually MSI and CIMP positive, 
while the left-originated CRC are mainly microsatellite stable (MSS) and CIMP negative [18-
20].  

None of these classifications match the statistical strength of TNM classifications. 
Nevertheless, the TNM system has faced challenges to its predictive accuracy as multiple 
patients with the same histological tumour stage showed opposing outcomes [21, 22]. This 
indicates the reliance of the TNM system on the tumour cells which ignores the fact that 
tumour progression is a dynamic process of tumour cell interaction with tumour 
microenvironment elements, including mesenchymal elements and the immune system 
which is a critical contributor in the patient survival. 

 

1.2 Tumour Microenvironment  

Tumour milieu, also known as TME, is a major contributing factor in developing CRC 
prognosis and survival and consists of tumour cells surrounded by stroma. The stroma is 
composed of connective tissue and cells other than tumour epithelial cells. The 
composition of the stroma has a huge impact on the thriving or evading of tumours in 



6 
 

which the interaction of different elements from immune cells, extracellular matrix and 
stromal cells, including fibroblasts, platelet, leukocytes, and endothelial cells can 
determine the fate of the disease [23, 24]. In other words, tumour cells not only influence 
the recruitment of cells present to the TME by releasing soluble messengers but can also 
be affected by the present cells and components in the TME through specific receptors 
and ligands [25]. ÑőĲШћseed and soilќШőǃƓŸƣőĲƚŔƚШƓƖŸƓŸƚĲĬШĤǃШÂċŊĲƣШŔŰШΝΥΥΦЯШƓƖĲƚĲŰƣĲĬШƣőĲШ
concept of molecularly modified susceptible tumour cells as a seed that can only grow in a 
tumour-supporting TME. It has been documented that many reasons for treatment failure 
are rooted in overlooking the TME components and its development alongside tumour 
progression that brings further opportunities in disease-personalized treatment [26, 27].  

1.2.1 Tumour Immune Microenvironment:  

Modern classification of CRC in recent years has seen a considerable shift in the focus 
from cancer cells to the interplay between immune cells and cancer cells in the TME [28].  

The complex bidirectional interaction between tumour cells and immune cells have 
established the concept of cancer immunoediting  in which tumour cells can be 
suppressed, especially in initial phases of growth or paradoxically well survived and 
developed by immune cells [29] . Cancer immunoediting consisted of three phases, 
including elimination, equilibrium, and escape.   

Elimination or immune surveillance is the first step of cancer immunoediting in which both 
innate and adaptive immunity try to kill tumour cells. If there is a failure in both recognition 
or killing the tumour cells, the long-lasting second step initiates and there is an equilibrium 
between anti-tumour functions and tumour growth. At this stage the tumour does not grow 
as the tumour cells are killed by immune cells, but immune cells can not destroy all the 
tumour cells [30]. During this step, new mutations gradually armor tumour cells to find 
immune escape strategies and even recruit immune cells to protect their growth through 
sculping an immune suppressive tumour microenvironment [31]. Table 2 showing the 
frequent genes that are mutated in CRC [31, 32].  
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Table 2. Frequently Mutated Genes in CRC. 

This table summarizes genes commonly mutated in CRC, categorized as either Tumour Suppressor Genes (TSGs) or 
Oncogenes. For each gene, the table provides its primary biological function, the type of mutation typically observed in 
CRC, and the approximate frequency of that mutation. 

TSG  Oncogene 

Gene Function  Type of mutation  Frequency 
 

Gene Function  
Type of 
mutation  

Frequency 

APC Wnt signaling 
inhibition 

Frameshift, point 
mutation, 
deletion, 
allele loss 

70-80% 

 

KRAS Cell proliferation 
and survival 

Point mutation in 
codons 12,13,61 

50-60% 

TP53 Cell cycle arrest 
and apoptosis 

Point mutation, 
allelic loss 

50-60% 
 

NRAS Cell proliferation 
and survival 

Point mutations 
in codons 12, 13, 
61 

<5% 

FBXW3 
Degrading target 
proteins 

Nonsense, 
missense, 
deletion 

20% 
 

PIK3CA 
Cell proliferation 
and survival 

Point mutations 
in exon 9 and 20 15-25% 

SMAD2 
TGF-B 
intracellular 
signaling 

Nonsense, 
missense, allele 
loss 

5-10% 

 

CTNNB1 Tumour growth 
and invasion 

Point mutation, 
in frame 
deletions in 
N terminal 

<5% 

SMAD4 
TGF-B 
intracellular 
signaling 

Nonsense, 
missense, allele 
loss 

10-15% 
 

SOX9 Cell proliferation 
and stemness 

Point mutations 4% 

TCF7L2 
Wnt signaling 
regulation 

Frameshift, 
nonsense 

5% 
 

BRAF 
Cell proliferation 
and survival 

Point mutations 
in codon 600 

46% 

FAM123B ECM transition 
Nonsense 
mutation 7% 

 
    

ARID1A 
Chromatin 
remodeling 

Point mutation, 
deletion 5% 

 
    

ATM Cell cycle arrest 
Point mutation, 
deletion 7% 

 
    

 

Escape can occur in three main ways: Tumour cells decrease their immunogenicity. 
Secondly, recruit mechanisms to avoid immune response, or promote inflammation. 
Tumour cells evolve to become less visible to the immune system over time in two main 
ways. The immune system's natural ability to eliminate highly immunogenic tumour cells 
creates a selective pressure, allowing tumour cells with lower immunogenicity to thrive. 
These less conspicuous cells, which are better at evading immune detection, gain a growth 
advantage as their more recognizable counterparts are destroyed. In addition, tumour 
cells can actively develop mechanisms to suppress or tolerate the immune response, 
further enhancing their survival and contributing to the overall decrease in tumour 
immunogenicity [33]. In the second way, tumour cells downregulate the expression of high 
immunogenic antigen through different mechanisms, including hypermethylation of 
immunogenic antigens, or acquire gene mutations coding low immunogenic antigens [34]. 
For instance, longitudinal study in metastatic CRC showed that the end stage of diseases 
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is accompanied with mutations of low immunogenic antigens even in high infiltrating 
tumours showing the advantages of these antigens in tumour outgrowth [35].   
Furthermore, there is lower antigen presentation in TME which is basically a result of 
downregulation of MHC molecules due to gene mutation or epigenetic modifications in 
CRC tumour cells [36, 37]. Tumour cells can also suppress dendritic cells via activation of 
WNT- -͉catenin pathway leading to lower antigen presentation, as well [38]. In this stage, 
mutations in the MMR system also are expected.  

The MMR system plays a crucial role in maintaining the stability of repeated elements of 
DNA like microsatellite which are prone to be mis replicated by DNA polymerase. 
(Figure.2). In the absence of a functional DNA MMR system, errors that occur during DNA 
replication, such as base-pair mismatches or small insertions and deletions will remain. 
Consequently, these uncorrected errors can result in different types of mutations, 
especially frameshift mutations [16]. Subsequent transcription leads to the formation of 
new antigen and epitopes in the MSI positive tumour cells.  The higher neo-antigen load in 
MSI-CRC enhances their immunogenicity, leading to increased infiltration of T cells and 
other immune cells into TME. This increased immune response is associated with 
improved patient outcomes, including increased survival rates, better prognosis, and a 
lower likelihood of metastasis [39]. 

 

Figure 3. Mismatch Repair (MMR) System Function and Assessment.  



9 
 

 This figure illustrates the role of the MMR system in preventing mutations and two methods for evaluating its function: 
the Bethesda panel  and Immunohistochemistry (IHC). The Bethesda panel uses PCR to analyze the length of five 
microsatellite markers (short, repetitive DNA sequences: BAT-25, BAT-26, D2S123, D5S346, and D17S250). Results are 
categorized as microsatellite instability-high (MSI-H), MSI-low (MSI-L), or microsatellite stable (MSS). The clinical 
significance of MSI-L versus MSS is still under investigation [40]. IHC detects the presence or absence of MMR proteins 
(MLH1, MSH2, MSH6, and PMS2). A "+" indicates protein presence (normal function), while a "-" indicates protein 
absence (suggesting a potential gene mutation). A proficient MMR system has no mutations and all proteins are 
functional, whereas a deficient system will have a mutation in one or more proteins [41].  

 

Tumour cells can avoid immune destruction through production of immunosuppressive 
cytokines, recruitment of immunosuppressive cells like T regulatory cells (Tregs), M2-like 
macrophages, Myeloid derived suppressor cells (MDSC), and upregulation of checkpoint 
molecules to create bystander, dysfunctional exhausted immune cells. Studies showed 
that most T cells present in CRC TME that are specific to tumour cell are dysfunctional 
because of frequent interaction with tumour antigen leading to an increase the expression 
of checkpoint molecules  [42, 43]. This will be discussed later. Furthermore, it has been 
demonstrated that some T cells present in the TME are bystander T cells that are not 
specific to tumour cells, and they are not exhausted [44]. 

 

1.2.2 Immun oscore 

The ongoing interactions between tumour and immune cells creates a unique immune cell 
topography which can be clinically translated as Immunoscore  [45]. Immunoscore has 
emerged as a key predictor of outcome and responsiveness to therapy, demonstrating 
greater predictive reliability than TNM staging in some studies [46]. Type, density, and 
location are critical in classifying patients into subgroups and predicting disease-free 
survival and overall survival [47]. Immunoscore needs a proper technique to differentiate 
various immune cells based on unique T-cell markers. Furthermore, different regions of 
TME, including the core of the tumour (CT), the invasive margin (IM) (1mm region of tumour 
parenchyma which is the border between CT and stroma), and stroma may have different 
distribution for immune cells [48]. The density of immune cells (Cells/mm2) is another 
crucial factor highlighting the importance of trustworthy digital tools in counting cells. In 
this regard, it has been demonstrated that effector CD8 T-positive cells in CRC TME are a 
significant predictor of all stages of CRC correlating with favourable ultimate survival for 
patients [49, 50]. On the contrary, the poorest outcome was associated with the low 
density of CD3 and CD8 positive cells in CT and IM [51], Figure 4.  
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1.2.2.1 Hot, Cold , and Excluded TME 

The TME acquires a diverse spatial heterogeneity with different composition of immune 
cells in tumour and stroma. Inflamed, active, or hot tumours have a high number of CD8 
cells and associates with improved survival [52]. In contrast, immune-desert or cold 
tumours have a low CD8 infiltration and increased T-reg and MDSC associating with poor 
prognosis [53, 54]. Inherent immunologic status can impact on the infiltration of immune 
cells in TME. For instance, having genes related to the IFN-  ̴signaling pathways correlate 
with hot tumours [55].  There is another recent term as excluded TME which is defined as 
TME with a lot of lymphocytes in stroma without penetration into parenchyma. [56].  

Based on the density of CD3, and CD8 cells there is an Immunoscore from 0 to 4. Zero 
means there is a low density of both cell types in both IM, CT, and four means there are a 
high density of both cells in both regions. Immunoscore is considered such a powerful 
prognostic factor that in a large study of CRC patients (602 patients), about 5% of patients 
with Immunoscore 4 relapsed after 5 years in contrast to 72% of recurrence in patients 
with low immunoscore (I. II)  [57]. Furthermore, patients with a high density of CD8 cells 
expressing PD1 in the IM responded better to anti-PD1 therapy, while Immune-excluded 
TME are resistant to checkpoint inhibitor therapy [56, 58]. 
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Figure 4. Immune Landscape of  CRC and its Association with Prognosis.  

 This figure summarizes the role of immune cells in CRC, their spatial organization within the tumour microenvironment 
(TME), and their association with patient outcomes. A. Immune Cell Types and Prognosis: This panel depicts various 
immune cell types and their association with prognosis. The number of stars represents the number of patients in the 
study that researched that cell type, as indicated by the key. Blue indicates a positive association with prognosis (good), 
Red indicates a negative association (poor), and Gray indicates an unknown association. CD8; Cytotoxic T cell, Treg; 
Regulatory T cell, M1; M1 Macrophage, M2; M2 Macrophage, Th1; T Helper 1 cell, Th17; T Helper 17 cell, Th2; T Helper 2 
cell, TFH; Follicular Helper T cell, B; B cell, NK; Natural Killer cell, DC; Dendritic Cell, PMN; Polymorphonuclear 
Leukocyte, Mast; Mast Cell.[59]. B. Spatial Organization of Immune Cells in the TME: This panel illustrates three distinct 
TME patterns based on immune cell infiltration. Cold: Absence of immune cells within the tumour. Excluded: Immune 
cells are present but confined to the periphery, unable to penetrate the tumour. Hot: Immune cells have successfully 
infiltrated the tumour core. C. Immunoscore Based on CD3+ and CD8+ Cell Density: This panel outlines the 
immunoscore classification, which quantifies the density of CD3+ (pan T cell marker) and CD8+ (cytotoxic T cell) cells in 
the tumour core (CT) and invasive margin (IM). The immunoscore ranges from 0/4 (low infiltration in both regions) to 4/4 
(high infiltration in both regions) and is associated with patient survival. 

 

It has been suggested that innate cells are key contributors to the formation of hot and 
cold tumours. Innate cells facilitate the trafficking of T cells and create hot tumours 
through soluble factors [60]. CXCL9 and CXCL10 released by APC promote the infiltration 
of CXCR3 expressing T cells [61, 62]. On the other hand, cold tumours often have elevated 
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numbers of myeloid cells (e.g. macrophage) whose experimental depletion from breast 
TME leads in the higher infiltration of CD8 cells[63]. Tumour associated macrophages can 
induce tumour growth through excluding T cells in TME. For instance, it is shown that 
myeloid cells secrete RNS which induce post translational modifications in T cell chemo 
attractants and prevent their migration into TME [64]. They also can activate TGF-͉Ш
signaling which is potent T cell suppressor [65]. 

 

1.2.3 Macrophage 

Macrophages are one of the most abundant immune cells in the CRC TME as the colon 
tissue possesses the highest number of macrophages in the body. Macrophages as a 
member of mononuclear phagocytic system (MPS) participate in both innate and adaptive 
immunity to initiate inflammation and keep homeostasis [66]. They rapidly clear the lumen 
of pathogens [67] and are considered a coordinator of leukocyte infiltration [68]. They have 
key roles in all steps of adaptive immunity where they can trigger adaptive responses 
through antigen presentation to adaptive cells and through multiple degradation of 
apoptotic cells, they can affect the type of Ag that presented. Their release of soluble 
mediators influences the nature of adaptive response and by producing anti-inflammatory 
cytokines they contribute to homeostasis [69, 70]. 

Macrophage differentiation and maturation starts from Hematopoietic stem cell (HSC) in 
the Bone marrow (BM) which develops into monocytes. Circulating monocytes can 
penetrate tissues during immune response through CC-chemokine ligands 2(CCL2), 
CCL5, and cytokines colony stimulating factor 1(CSF1) [71, 72]. A second source of tissue 
macrophages that originated from stem cells in the yolk sac during embryogenesis, 
however, after birth the major source of tissue macrophages are HSC-derived 
macrophages [73], Figure 6.A. Macrophages in the tumour microenvironment are called 
tumour associated macrophages (TAMs) and arise from both sources, but the percentage 
can be different according to the tissue type [74-76]. For example, in colon tissue the 
majority of embryonic macrophages were substituted with HSC-derived macrophages 
after birth [72]. In addition, there is evidence that under the stimulation of specific 
chemokines, myeloid-derived suppressor cells (MDSC) can differentiate into TAM [77]. 
MDSC are mainly CD68 positive cells differentiated from circulating monocytes and show 
the ability to suppress immune cell proliferation and function in tissues and TME [78].  

Macrophages are highly plastic,  and their phenotypes reflect both the local tissue and their 
origin. In general, the naïve macrophages (M0) can further differentiate into two states 
which are known as macrophage polarization, including pro inflammatory or classically 
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activated M1 and anti-inflammatory or activated M2 macrophages [79]. CD68, CD16, and 
CD14 are some examples of pan macrophages markers. Figure 5 showing basic 
information about CD68.  

 

 

Figure 5. CD68 Expression, Ligands, and Function. 

A.CD68 is a transmembrane glycoprotein expressed in macrophages, with lower expression in other cell types. B. As a 
scavenger receptor, CD68 binds to various ligands, including oxidized low-density lipoprotein (Ox-LDL) and 
phosphatidylserine (PS) on apoptotic cells. C.CD68 plays a role in macrophage polarization, lysosome trafficking, 
phagocytosis, and inflammation, including the release of pro-inflammatory cytokines like Tumour Necrosis Factor (TNF) 
and Interleukin-6 (IL-6) [80, 81]. IL-6: Interleukin-6 LAMP4; Lysosome-Associated Membrane Protein 4, Ox-LDL; Oxidized 
Low-Density Lipoprotein, PS; Phosphatidylserine, SCAD1; Scavenger Receptor Class D-Member 1, TNF; Tumour 
Necrosis Factor. 
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Figure 6. Macrophage Polarization Pathways.  

Macrophages can differentiate into distinct functional subtypes, broadly categorized as M1 and M2. M1 macrophages 
are activated by factors such as Lipopolysaccharide (LPS) and are characterized by the release of pro-inflammatory 
cytokines (e.g., IL-1, IL-6, TNF-͈ьШċŰĬШƣőĲШƓƖŸůŸƣŔŸŰШŸŉШċŰƣŔ-tumour responses. M2 macrophages, associated with anti-
inflammatory responses, tissue repair, and angiogenesis, are further divided into four subtypes (M2a, M2b, M2c, M2d) 
based on their activation stimuli and cytokine profiles. The figure depicts the stimuli (e.g., IL-4, IL-13, TLR ligands, IL-10, 
TGF-͉ЯШfx-6, LIF) that drive M2 polarization, and the main functions associated with each subtype. CCL8; Chemokine (C-
C motif) Ligand 8, CCL10; Chemokine (C-C motif) Ligand 10, IFN-͊бШfŰƣĲƖŉĲƖŸŰ-gamma, IL-Ν͉бШfŰƣĲƖũĲƨťŔŰ-1 beta, IL-1R; 
Interleukin-1 Receptor, IL-4; Interleukin-4, IL-6; Interleukin-6, IL-10; Interleukin-10, IL-13; Interleukin-13, IL-23; 
Interleukin 23, LIF; Leukemia Inhibitory Factor, LPS; Lipopolysaccharide, TGF-͉бШÑƖċŰƚŉŸƖůŔŰŊШ]ƖŸƽƣőШ[ċĦƣŸƖ-beta, TLR; 
Toll-Like Receptor, TNF-͈бШTumour Necrosis Factor-alpha, VEGF; Vascular Endothelial Growth  Factor. 
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~ΝШċŰĬШ~ΞШ~ċĦƖŸƓőċŊĲƚШĦċŰШƚƽŔƣĦőШƣŸШĲċĦőШŸƣőĲƖќƚШƚƣċƣĲƚЮШ[ŸƖШŔŰƚƣċŰĦĲЯШĬƨƖŔŰŊШƣŔƚƚƨĲШ
repair M1 macrophage switch to M2 phenotype [82].  M1 macrophages are induced by 
interferon ͊  (IFN- )̴, GMCSF,  lipopolysaccharide (LPS), or tumour necrosis factor- ͈ ШыÑ [-) 
and promote Th1 functions and show anti-tumour responses through release of IL-6, IL23, 
ROS and IL-Ν͉Ш[83, 84]. In contrast, M2 macrophages are triggered by Th2 cytokines (eg IL-
4, IL-10, IL-13) and produce IL-10, TGF-͉ЯШċŰĬШƓƖŸ- angiogenic mediators, driving tissue 
remodeling, tumour progression and immune evasion [85]. CD80, CD86, and TLR4 are 
usually defined as M1 markers, whilst CD204, CD163, and CD206 are employed as M2 
markers [86]. M2 macrophages are further divided into four classifications according to the 
source of stimulation and the function, Figure 6 [87, 88]. 

In the early stages of CRC, M1 macrophages are abundant and produce ROS and NOS 
which further trigger gene mutations and oncogene gain of functionality [89]. However, in 
solid tumours, the majority of TAM have a phenotype similar to M2-like macrophages  [90]. 
The number of macrophages can be a prognostic factor in the TME. For example, high 
numbers of M2-like macrophages in gastric cancer are associated with decreased survival, 
while the high number of M1-like macrophages relates to improved survival [91]. High 
number of macrophages expressing CD163 (marker of M2 cells) correlated with poor 
prognosis in many cancers, including CRC [92]. 

TAMs interact with tumour cells through releasing cytokines and vesicles and induce their 
proliferation, invasion, and progression Figure 7.B. Coculture of colon cancer cell line 
(HCT- 8 and HCT-116) with the macrophage cell line (THP-1) revealed that tumour cells, 
through releasing EGF, trigger the EGFR/PI3K/AKT/mTOR pathway and switch the 
polarization into M2-like macrophages [93]. Tumour cells produce exosomal miR-1246 
which increases the polarization of M2-like macrophages [94]. Another study showed that 
tumour cells produce several chemokines such as CXCL1, CXCL2, CXCL5, CCL3, CCL4, 
and the cytokines  such as IL-1-͉ЯШfũ-3 which participate in M2 polarization [95].  

It seems that TAM and tumour cells have a two-sided relationship with each other in 
ĦċŰĦĲƖШŊƖŸƽƣőШŔŰШÑ~EЮШÑƨůŸƨƖШĦĲũũƚШƚĲĦƖĲƣŔŰŊШÑ][͉ШƣŸШincrease RGC-32 expression in 
macrophages to increase the migration of macrophages into TME [96]. In addition, they 
produce IL-10 which help to further differentiation of monocyte into M2-like macrophages 
[97]. Through regulating the NADPH oxidase activity, TAM provides an oxidation-reduction 
state with low ROS in which tumour cell proliferation can be promoted [98].  

TAM also can provide a further opportunity for tumour metastasis and invasion. TAM 
secretes MCP1, MIP-1-͈ШċŰĬШ~fÂ-2- ͈ ШƣŸШŔŰĦƖĲċƚĲШƣƨůŸƨƖШŔŰƻċƚŔŸŰШ[99]. TAM increases the 
expression of S100A8/A9 in tumour cells which help to tumour migration [100]. Through 
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secreting IL-6 and jak2/stat pathway they increase the EMT transition and CRC migration, 
as well [101].  

TAM release immune suppressive cytokines like IL-10, TGF-beta, and immunosuppressive 
metabolites like IDO and PGE2. They produce VEGF and platelet-derived endothelial cell 
growth factor to increase the angiogenesis in the TME via triggering the STAT pathway in 
endothelial cells [102, 103]. They suppress the cytotoxic ability of CD8 positive cells in the 
TME[104]. They also can recruit T-reg cells through releasing CCL2 chemokine and create a 
suppressive TME which can suppress immune response against tumour cells [105].   

Hence, macrophages play a crucial, dichotomous role in the tumour microenvironment 
(TME), influencing both the initial and terminal stages of cancer. In the early phases, a 
higher proportion of M1 macrophages actively participate in tumour eradication. 
Conversely, during the advanced stages of cancer development and progression, M2 
macrophages become dominant, effectively aiding the tumour by promoting its growth, 
migration, and metastasis. 
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Figure 7. Macrophage Development and TAM Main Functions . 

A. Macrophage Development: Macrophages originate from the yolk sac and fetal liver prenatally and from bone marrow 
hematopoietic stem cells (HSCs) postnatally. HSCs differentiate into monocytes and then into mature macrophages. B. 
Tumour-Associated Macrophage (TAM) Functions: TAMs promote tumour progression by contributing to tumour growth, 
metastasis, angiogenesis (via TGF-͉ЯШéE][ьЯШŔůůƨŰĲШƚƨƓƓƖĲƚƚŔŸŰШыƻŔċШÑƖĲŊШċĦƣŔƻċƣŔŸŰЯШĬĲŰĬƖŔƣŔĦШĦĲũũШċŰĬШ9?ΥҼШÑШĦĲũũШ
inhibition - mediated by TGF-͉ЯШfx-10, checkpoint ligands, prostaglandins, ADO, and arginase), tissue remodeling (via 
proteases), and epithelial-mesenchymal transition (EMT).IL, Interleukin; TAM, tumour associated macrophages, EMT; 
Epithelial-mesenchymal transition, TGF; Tumour growth factor, VEGF; Vascular Endothelial Growth Factor, ADO; 
Adenosine, T reg: T regulatory, TNF; Tumour necrosis factor , LPS; lipopolysaccharide, TLR; Toll-like receptor, LIF; 
Leukemia inhibitory factor, CCL; Chemokine (C-C motif) ligand 1, HSC; hematopoietic stem cell. 
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1.2.4 T cell 

T cells, a critical compartment of the adaptive immune system, play a fundamental role in 
cell-mediated immunity. As depicted in Figure 8, T cell development initiates from 
hematopoietic stem cells (HSCs) within the bone marrow in which they committed to 
differentiate into T-cells. These progenitor cells, following Notch signaling, migrate to the 
thymus. Within the thymus, they undergo stringent positive and negative selection, 
ultimately differentiating into mature single-positive T cells expressing either CD4 or CD8 
[106]. TCR interaction with the peptide-MHC complex constitutes the initial step in T cell 
activation. Similar to immunoglobulins (Igs), both the alpha and beta chains of the TCR 
consist of constant and variable regions, with the variable regions being unique to each 
lymphocyte clone [107]. cŸƽĲƻĲƖЯШƣőĲШƚőŸƖƣШĦǃƣŸƓũċƚůŔĦШĬŸůċŔŰШŸŉШĤŸƣőШ͈ШċŰĬШ͉ШĦőċŔŰƚШ
lacks the ITAM (Immunoreceptor Tyrosine-based Activation Motif) domain, preventing 
them from independently initiating T cell activation or transferring signals [108, 109]. 
Consequently, TCR signaling exclusively relies on the CD3 protein complex to transduce 
signals to second messengers This function is analogous to that of the CD79 protein 
complex in the B cell receptor (BCR) [110]. CD3 is a complex multimeric protein composed 
ŸŉШƣőƖĲĲШƚƨĤƨŰŔƣƚЯШŉŸƖůŔŰŊШƣőƖĲĲШĬŔƚƣŔŰĦƣШůƨũƣŔůĲƖШċƖƖċŰŊĲůĲŰƣƚаШ9?ΟШ͍͍ШőŸůŸĬŔůĲƖЯШ9?ΟШ
Ώ͊ őĲƣĲƖŸĬŔůĲƖЯШċŰĬШ9?ΟШ͋Ώ őĲƣĲƖŸĬŔůĲƖЮШÑőĲШ9?ΟШ͊Ώ ċŰĬШ9?ΟШ͋Ώ heterodimers interact 
ƽŔƣőШƣőĲШ͉ШċŰĬШ͈ШĦőċŔŰƚШŸŉШƣőĲШÑ9ÅЯШƖĲƚƓĲĦƣŔƻĲũǃЯШċŰĬШƓŸƚƚĲƚƚШƖĲũċƣŔƻĲũǃШƚőŸƖƣШĦǃƣŸƓũċƚůŔĦШ
domains.  fŰШĦŸŰƣƖċƚƣЯШƣőĲШ9?ΟШ͍͍ШőŸůŸĬŔůĲƖШċƚƚŸĦŔċƣĲƚШƽŔƣőШƣőĲШ͈ШĦőċŔŰШċŰĬЯШĬƨĲШƣŸШŔƣƚШ
long cytoplasmic domain, plays a significant role in TCR signal transduction [111, 112]. 
Therefore, the TCR recognizes the peptide-MHC complex, while the CD3 complex is 
responsible for signal transduction, together forming a functional unit [108].  Any mutation 
within any component of this complex can lead to a very low or undetectable amount of 
the TCR complex on the cell surface [113].  

CD4 T cells represent a heterogeneous group of immune cells, classically categorized into 
Th1, Th2, and Th17 subsets. However, other T helper cell populations, such as follicular 
helper T cells, T regulatory cells, Th9, and Th22, have also been identified based on specific 
transcription factors and unique expression patterns of surface molecules and cytokines 
[114]. Among these, Th1 and Th9 cells are recognized as major participants in eliminating 
malignant cells. Conversely, T regulatory (Treg) cells and Th2 cells are predominantly 
identified by their immune suppressive behavior [106]. CD8 T cells, also known as 
cytotoxic T lymphocytes (CTLs), eliminate malignant cells primarily through two main 
mechanisms. Firstly, apoptosis is induced in target cells via caspase pathways following 
the interaction of Fas Ligand (FasL) and TNF-Related Apoptosis-Inducing Ligand (TRAIL), 
expressed on T cells, with their respective receptors, FAS and TRAILR, on the surface of 
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target cells. Secondly, CTLs possess cytolytic granules containing granzyme B and 
perforin, which are released to directly kill target cells [115]. 

In the current project, CD3 is utilized as a pan-T cell marker, as it is expressed on T cells 
from the pro-T stage within the thymus.  

 

 

 

Figure 8. T Cell Development, Maturation, and Activation within the Hematopoietic Niche.  

(A) T Cell Lineage Development and Thymic Maturation from the HSC Niche. Hematopoietic stem cells (HSCs) reside 
in specialized niches within the bone marrow, crucial for their maintenance and differentiation. This HSC niche is 
comprised of key components including Mesenchymal Stromal Cells (MSCs), which provide essential growth factors and 
cytokines. The Extracellular Matrix (ECM) offers vital structural support and biochemical cues to HSCs, aiding their 
anchorage and modulating cellular interactions. Endothelial cells, lining the bone marrow's blood vessels, regulate HSC 
trafficking and quiescence, forming a critical vascular niche. Osteoblasts, responsible for bone formation, also play a 
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significant role in maintaining HSC quiescence by secreting specific factors. From this niche, common lymphoid 
progenitors (CLPs) are generated, which then commit to the T cell lineage. T cell precursors subsequently migrate to the 
thymus, where they undergo TCR rearrangement, progressing through Pro-T, Pre-T, Double-Negative (DN) for CD4 and 
CD8, and Double-Positive (DP) stages. This maturation involves VDJ recombination of the TCR beta chain, followed by VJ 
recombination of the TCR alpha chain, and crucial negative selection processes, leading to the development of mature, 
self-tolerant T cells. In secondary lymphoid organs like spleen and lymph nodes, upon encountering an antigen 
presented by an APC, T cells become activated. This leads to clonal expansion and differentiation into various effector T 
cell subsets, including Cytotoxic T Lymphocytes (CTLs), T helper 1 (Th1), T helper 2 (Th2), and T helper 17 (Th17) cells, 
each with distinct immune functions. CD3 is the pan T cell marker which is expressed from pro T stage. (B) T Cell 
Receptor (TCR) Complex and Co-receptors.  The mature TCR complex is shown on the cell surface, consisting of alpha 
ċŰĬШĤĲƣċШĦőċŔŰƚШċƚƚŸĦŔċƣĲĬШƽŔƣőШ9?Ο͌ЯШ9?Ο͊ЯШ9?Ο͋ЯШċŰĬШ9?Ο͍ШĦőċŔŰƚЯШƽőŔĦőШċƖĲШĲƚƚĲŰƣŔċũШŉŸƖШƚŔŊŰċũШƣƖċŰƚĬƨĦƣŔŸŰЮШ
Nearby, co-receptors CD4 and CD8 are depicted, which bind to MHC Class II and MHC Class I molecules, respectively, 
on antigen-presenting cells (APCs). 

 

 

1.2.5 Exhaustion   

Exhaustion is a step of immune homeostasis in which chronic Ag stimulation leads to 
depressed leukocyte proliferation and function due to elevated expression of checkpoint 
molecules that serve as exhaustion markers [116]. Exhaustion was first described in 
chronic lymphocytic choriomeningitis virus (LCMV) infection, in which T cells had a 
dysfunctional state because of long-lasting exposure to Antigen and repetitive TCR 
stimulation  [117, 118]. It is a process to protect T cell- clones from activation-induced cell 
death which gradually results in the loss of specific clone by repetitive activation and death 
[117]. For example, in elderly patients, loss of CMV-specific T cell clone relates to higher 
patient mortality [119]. Furthermore, exhaustion can protect the tissue from necrosis and 
expanding autoimmune diseases [120, 121]. 

It is worth knowing that there are other types of dysfunctionality states that different 
stimuli and pathways are involved, and they have different manifestations that should be 
differentiated from exhaustion.  

Senescent immune cells  usually are seen in elderly patients who have shortened 
telomere and damaged DNA should be distinguished from exhausted immune cells. 
Senescent immune cells secrete a high amount of proinflammatory cytokines and 
destructive substances like ROS [122]. This phenomenon is an evolutionary irreversible 
process[123]. The other phenotype that must be distinguished is suppressed phenotype  
of immune cells which can be resulted by external signaling of suppressive cells like T-reg, 
MDSC, Macrophages, or hypoxic condition and adenosine pathway [124]. Suppression is 
reversible when the suppressive signaling is abandoned.  On the other hand, exhaustion is 
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a lower functionality of immune cells because of overexpression of checkpoint molecules, 
it is reversable and usually indicates that resources are used and there is a need for 
regeneration [125]. 

1.2.5.1 Immune checkpoint molecules  

Immune checkpoint molecules are essential receptors in regulating immune cells 
functionality and acting as immune gatekeepers. They evolved with stimulatory molecules 
simultaneously and possess immunoreceptor tyrosine-based inhibitory motif (ITIM) and 
immunoreceptor tyrosine-based switch motif (ITSM) to transfer immunosuppressive 
signaling [126]. Checkpoint molecules functionality recruitment is frequently seen in 
chronic inflammation or cancer as a mechanism for immune escape [127], in which one of 
the critical characteristics of TME is high expression of checkpoint molecules. Hence, 
understanding the molecular biology of checkpoint molecules expression in different 
immune cells and in different textures is critical to have a more comprehensive view on the 
TME.  Most of our understanding about checkpoint molecules comes from T cell studies 
which means that there is almost limited data of their functionality in other immune cells.  

The use of antibodies to checkpoint molecules which is also known as Checkpoint 
inhibitor therapy has revolutionized cancer immunotherapy as first demonstrated in 
melanoma [127]. The most successful checkpoint inhibitor therapy was anti-PD1 and anti-
PD-L1 therapy which has been approved for a wide range of cancers. However, the 
response rate to checkpoint blockade therapy was between 10-30 percent and accounted 
as the major drawback of checkpoint-blockade therapy [128]. For instance, in MMR 
sufficient CRC patient there was nearly zero percent response rate to anti-PD1 and anti-
PD-L1[129]. Apart from specific molecular profile of the tumours in these  patients, other 
factors can be involved in non-responsiveness of patients to checkpoint inhibitor therapy, 
including the variation in checkpoint expression levels and also expression in different 
types of cells apart from T cells which seems to have different functions compared to 
initial well-recognized inhibitory function in T cells [130, 131].  

 

1.2.5.1.1 LAG3 

LAG3 is an inhibitory receptor that negatively regulates host cell proliferation and effector 
function in which LAG3 over expression is usually associated with cell exhaustion [132, 
133]. LAG3 is expressed on a variety of immune cells, such as activated T cells (CD4, CD8, 
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and T reg), plasmacytoid dendritic cells, NKT cells, and NK cells [134]. Malignant B cells 
also expressed LAG3 in Diffuse large B-cell lymphoma (DLBCL) [135]. 

LAG3 is an ancestral homolog of CD4, and the extracellular domain is very similar to CD4 
structure consisting of four immunoglobulin superfamily like domain [136]. The 
intracellular domain of LAG3 is different from the rest of checkpoint molecules as it does 
not have ITIM or ITSM domains to transfer suppressor signaling and also it is not similar to 
the intracellular domain of CD4. Instead, it is constituted of three motifs that are highly 
conserved in human and mice. The KIEELE motif has a critical function in LAG3-mediated 
suppression in which its deletion disrupts LAG3 functions although its exact functionality 
is not clear yet [137].
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Figure 9. Exhaustion Markers: Structure, Ligands, and Function in Immune and Tumour Cells.  

This figure illustrates the structure and interactions of three key immune checkpoint molecules associated with 
exhaustion (LAG3, PD1, and TIM3) and summarizes their functions in different cell types. A. Structure and Ligands: This 
panel depicts the interactions of three immune checkpoint molecules associated with exhaustion: LAG3, PD1, and TIM3 
with their respective ligands. LAG3 binds to MHC class II, LSECtin, and potentially a-Syn. PD1 binds to PD-L1 and PD-L2. 
TIM3 binds to Galectin-9, phosphatidylserine (PtSer), and HMGB1.These interactions play roles in regulating immune 
cell activation and proliferation. The extracellular domain of exhaustion markers can be shed by ADAM, generating a 
soluble form that may play a regulatory role. B. Functional Summary: This table summarizes the roles of LAG3, PD1, and 
TIM3 in T cell exhaustion and their expression patterns in various cell types, including T cells, macrophages, and tumour 
cells. "Exhaustion" refers to a state of T cell dysfunction. Notably, TIM3 expression is higher in M2 (anti-inflammatory) 
compared to M1 (pro-inflammatory) macrophages. And there is vague image on the role of exhaustion markers in 
macrophages. [135, 138-143] a-Syn; alpha-Synuclein, ADAM; A Disintegrin and Metalloprotease, APC; Antigen-
Presenting Cell, FGL-1; Fibrinogen-Like Protein 1, HMGB1; High Mobility Group Box 1, LAG3; Lymphocyte-Activation 
Gene 3, LSECtin; Liver and Lymph Node Sinusoidal Endothelial Cell C-type Lectin, MAC; Macrophage, MHC-II; Major 
Histocompatibility Complex Class II, PD1; Programmed Cell Death Protein 1, PD-L1/2; Programmed Cell Death Ligand 
1/2., PtSer; Phosphatidylserine, TCR; T-cell Receptor, TIM3; T-cell Immunoglobulin and Mucin-domain containing-3, 
TSG; Tumour Suppressor Gene. 

A range of ligands for LAG3 have been identified. MHCII is LAG3 ligand which binds to the 
D1 extracellular domain of LAG3 with higher affinity than CD4 [144]. Dimerization of LAG3 
facilitates the binding of LAG3 to MHCII [136]. Furthermore, there is no difference in the 
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type of MHCII, and LAG3 can recognize the complex of MHCII and peptide regardless of 
MHC type and the protein [145]. However, a higher affinity of peptide binding to MHCII and 
a more stable expression of peptide- MHCII leads to higher binding of LAG3 to MHCII [145]. 

Galectin-3 (Gal-3), expressed by epithelial cells, endothelial cells, fibroblasts, cancer 
cells, and macrophages, is a lectin ligand of LAG3. Suppression of CTL following the 
interaction of LAG3-Gal3 has been reported[146].  In a study investigating the interaction 
between LAG3 and its ligands, blocking Gal-3 but not MHC-II significantly increased 
proliferation of CD8 cells indicating that Galectin-3 plays a more significant role than 
classical MHC class II molecules (HLA-DR, HLA-DP, and HLA-DQ) in regulating CD8+ T cell 
function in multiple myeloma [147].  

Another Lectin, LSECtin, suggested as a novel ligand for LAG3. It is expressed by 
hepatocytes and melanoma tumour cells and its further interaction with LAG3 transfer 
suppressing signaling in immune cells through the immunosuppressor cytoplasmic 
domain of LAG3 [148]. Hepatocytes also express Fibrinogen-like protein 1 (FGL1) which 
can bind to LAG3 and transmit inhibitory signals in LAG3 expressing cells. Expression of 
FGL1 in tumour cells correlates with immunotherapy resistance and poor prognosis [149]. 

-͈syn is another ligand recognized for LAG3 which is bound to D1 domain like MHCII, but 
its role in the function of LAG3 in unknown [150]. 

The expression of LAG3 is tightly regulated. LAG3 is stored in late endosome after 
translation which is a facilitator for quick transition to the surface of the host cell following 
TCR activation or upon stimulation by certain cytokines, including IL-12, IL-27, IL-15, IL-2, 
and IL-7. Following binding to its ligands it can transmit inhibitory signals into the cell. [134] 

The second level of LAG3 regulation is controlled at the surface of the cell in which certain 
metalloproteinases, ADAMTS10 and ADAMTS17, cleave LAG3 and produces soluble LAG3 
which have no functionality without cytoplasmic domain [151]. Mice studies showed that 
non-cleavable LAG3 or inhibitors of ADAMTS resulted in impaired functionality of T-cells, it 
means that producing soluble LAG3 is a way to regulate LAG3 inhibitory function [152].  In 
addition, there is another way for regulation of membranous LAG3 expression in which 
ĦĲũũƚШĲŰĬŸĦǃƣŸƚŔƚШx ]ΟШċŉƣĲƖШĤŔŰĬŔŰŊШƣŸШ͈-syn and keep them in the endosome for further 
expression [153]. In fact, it has been shown that LAG3 can be stored in recycling endosome 
and secretory lysosomes, especially in CD4 positive cells [154]. Much of understanding on 
LAG3 function comes from T cells studies, representing the functions of LAG3 in different T 
cells.   

However, studies also show that there is a spatial association between LAG3 and CD68 
expressing macrophages in TME [135]. In Lymphoproliferative disorders like DLBCL and 
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CLL, leukemic B cells express LAG3 and possess a high number of macrophages. It has 
been suggested that malignant B cells polarized macrophages into immunosuppressive 
M2 macrophages [155, 156]. The study also showed that M2 macrophages are spatially 
close to B malignant cells expressing LAG3 in DLBCL [135]. In addition, some studies 
showed the expression of LAG3 in macrophages. One study in gastric cancer showed LAG3 
expressing macrophages but in a significant lower level compared to CD3 positive cells in 
gastric cancer TME [138].  

There is some limited evidence that LAG3 is expressed on the surface of solid tumour cells 
in lung, colon, and breast cell line [141, 157]. In addition, leukemic cells like DLBCL, 
Hodgkin lymphoma and CLL cells have been reported as LAG3 expressing cells [155, 158]. 

 

1.2.5.1.2  TIM3 

T cell immunoglobulin and mucin domain- containing protein 3 (TIM3) is a member of 
immunoregulatory proteins of TIM. TIM3 can be expressed on different immune cells, 
including T cells, mast cells, monocyte, macrophages, and NK cells [159-161]. The main 
feature of TIM3 like LAG3 and compared to other checkpoint molecules is the lack of an 
inhibitory motif in the intracellular domain. Instead TIM3 has five conserved tyrosine in its 
intracellular domain that are bound to HLA- B-associated transcript 3 (BAT3) in normal 
situations [162]. There are different ligands recognized by different regions of TIM3: 
Galectin-9, phosphatidylserine (PtdSer), high mobility group protein B1 (HMGB1), and 
carcinoembryonic antigen- related cell adhesion molecule 1 (CEACAM1). Following their 
interaction with TIM3 and subsequent Tyrosine phosphorylation, BAT3 disconnect and 
FYN, a tyrosine Kinase, is recruited to mediate subsequent TIM3 inhibitory signaling, 
including, disrupting immunologic synapsis, TCR signaling suppression, and 
apoptosis[163]. Like soluble LAG3, soluble TIM3 results from metalloproteinase activity, 
however its function remains to be clarified [164]. It is interesting that increased plasma 
levels of TIM3 correlated with increased load of HIV infection, worse outcome of 
osteosarcoma, and GVHD [165-167].  

The ultimate outcome of TIM3 activation can be different and highly depends on the cell 
type that expresses it [168, 169]. For instance, the interaction of galectin-9 with TIM3 
expressed by T cells, suppress them and induce apoptosis [170]. On the other hand, it has 
been demonstrated that monocyte and macrophages in their quiescent state express high 
amount of TIM3 which is associated with immune tolerance, low cytokine production, and 
reducing TLR activation.  However, when macrophage activates into M1 like macrophages, 
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the TIM3 expression decreases, and cytokine production, including IL-6, IL-12 increase 
favors  T-lymphocyte activation [171].  It is interesting to know that macrophage Cis 
activation of TIM3 resulted from interaction between TIM3 and galctin3 on the same 
macrophage activate TLR and enhance cytokine production, while the trans activation of 
TIM3 decrease cytokine production and TLR activation which is assumed as macrophage 
suppression [172].  In addition, it has been reported that TAM like M2 macrophages also 
expressed high amount of TIM3 which is unlike M1 macrophages [173]. 

There is ample data r3egarding the TIM3 expression on the surface of tumour cells, 
including melanoma, prostate cancer, renal carcinoma, and hepatocellular carcinoma 
[173-176].  There is also some evidence of its expression in CRC cell lines  in which 
knocking down the expression of Tim3 can suppress the proliferation of tumour cells, their 
migration and invasion [143]. In this regard, an study showed that Tim3 acts as a tumour 
oncogene in CRC cell lines and anti-Tim3 therapy can show antineoplastic effects [143].   

 

1.2.5.1.3  PD1 

PD1 belongs to the CD28-CTLA subfamily of Ig superfamily [177], and its ligand are B7 
family members, including PDL1 (B7-H1; CD274) and PDL2 (B7-DC; CD273) [178] which 
are expressed by different types of cells and APC, including macrophages [179]. The 
cytoplasmic domain of PD1 processes both ITIM and ITSM domain [180].  Subsequent PD1 
activation after binding to its ligand promotes an inhibiting signaling and a phenotype in 
which there are suppression of differentiation, proliferation, and survival of T cells [181]. 
Hence, the initial functionality of PD1 is the regulation of immune response.  Tumour cells 
can wildly exploit this interaction to avoid immune recognition.  

PD1 is one of the well-studied exhaustion receptors in T and B cells that can be induced 
following TCR activation and upregulated by cytokines stimulation [182]. PD1 suppresses 
lymphocytes to prevent autoimmunity and tissue damage and induces fetal-maternal 
immunity [183, 184]. Hence, it is not surprising that tumour infiltrating T cells express high 
amount of PD1 on their surface due to over stimulation and the tumour suppressing nature 
of the tumour microenvironment and show lower functional activity against cancer cells 
[185]. Exhausted T cells have increased expression of inhibitory molecules, and decreased 
secretion of effector molecules [186]. In this regard, PDL1 expression on the surface of 
tumour cells, seems to have a pivotal role in tumour evasion. In fact, many cancer cells 
and myeloid cells express PDL1 in their surface and can upregulate its expression 
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following different cytokine stimulation [187].  This is the reason behind successful 
immune checkpoint inhibitors therapies against PD1 and PDL1[187]. 

There is some evidence of the expression of both PD1 and PDL1 on the surface of 
macrophages. PDL1 expression on M2 macrophages is higher than M1 macrophages. PDL-
1 interaction on macrophages with PD1 on T cells, transmit inhibitory signals to T cells, and 
suppress the proliferation and activation of macrophages [188]. However, it has been 
demonstrated that PD1 can be expressed on TAM, but not on circulatory macrophages or 
on macrophages in the spleen. One study on TAM, showed that there are two populations 
of TAM in TME regarding PD1 expression. PD1 expressing TAM tends to polarize into M2 
macrophages, while PD1 negative macrophages polarize into M1 macrophages. 
Furthermore, cancer progression is accompanied by an accumulation of tumour-
associated macrophages (TAMs) expressing high levels of PD-1 and CD206, coupled with a 
reduction in MHC-II expression [139]. PD1 expressing macrophages express high number 
of anti-inflammatory cytokines like IL-10 which is assumed as a mechanism to slow down 
the immune response. PD1 blockade increased M1 polarization, phagocytosis and the 
tumour killing of macrophages [139].   
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1.3 Hypotheses and Aims  

Macrophages and T cells are two main immune cells in the CRC immune 
microenvironment to illuminate cancer. In this regard, especially in recent years, many 
efforts have been made to augment and boost patient immune system against tumour 
cells. Immune checkpoint inhibitor therapy is one of the most successful types of cancer 
immunotherapy, however, despite recent progress with anti-PD1/PD-L1 therapies in 
cancers like Melanoma, CRC has not seen the same level of success. Ampel studies and 
trials are assessing the effect of combination therapy with other conventional therapies 
and also other checkpoint inhibitors [189]. Nevertheless, there is a gap in our 
understanding of the co-expression of these exhaustion markers, especially on innate cells 
like macrophages. The effect of expression of these receptors on macrophages results 
have different outcomes compared to lymphocytes. Furthermore, conventional therapies 
like chemotherapy, besides their primary anti-tumour role, can trigger immune responses 
against tumour cells[190], which means therapies other than immunotherapy also have 
the potential to change the TME context such as the expression level of checkpoint 
molecules. Hence, a comprehensive study is crucial to map the unique distribution and 
organization of exhaustion markers within the CRC tumour microenvironment and uncover 
potential therapeutic targets. 

In this study, we are using multiplex immunohistochemistry (mIHC) to analyze the spatial 
distribution of immune exhaustion markers LAG3, TIM3, and PD1 on CD3+ cells and 
macrophages within the tumour microenvironment of a large cohort (N=1000) of CRC 
patients. By examining three distinct tumour regions (invasive margin, tumour center, and 
luminal side), we will also assess intertumoral heterogeneity of these markers. 
Furthermore, we will explore the association between exhaustion marker expression and 
clinicopathological features, including patient survival, to explore the potential of 
incorporating this spatial data into the Immunoscore for enhanced prognostic accuracy 
and personalized treatment guidance in CRC. 

 

1.3.1 Hypothesis  

1. We hypothesise that the expression of check point molecules on T cells and 
macrophages associated with poor survival in CRC patients. 

2. The immune active microenvironment of MSI-CRC displays increased check point 
molecule density and with greater prognostic relevance than in MSS-CRC.  
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3. Expression of immune checkpoints by the different immune architecture of right 
and left sided CRC have different prognostic value.  

4. Advanced stages of CRC have higher expression of check point molecules and 
corresponding worse survival.  

5. The prognostic value of T cells and macrophages vary according to their location 
within the tumour mass.  

 

1.3.2 Aims 

1. Optimizing a multiplex panel for assessing the exhaustion markers (TIM3, PD1, and 
LAG3) expression on macrophages (CD68) and CD3 positive cells.  

¶ Finding the optimum temperature, incubation time, and Ag retrieval buffer for each 
Ab (LAG3, PD1, TIM3, CD68, CD3, CK) via chromogenic IHC. 

¶ Finding the optimum position for each Ab with chromogenic IHC and then in mIHC. 
¶ Finding the optimum pair of opal (480, 520, 570, 620, 690, 780) with each Ab 
¶ Generating library slides as a guide for Inform software to unmix components 

properly. 
 

2. Staining four different samples (Adjacent normal, Invasive margins, center of 
tumour, Luminal side) per patient from a cohort of 1000 CRC patients according to 
the optimized panel, scanning, training with Inform software, and analyzing the 
Inform output according to the hypothesis.   
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2 Chapter 2: Materials and Methods  

2.1 Patients 

This study was conducted on tissue microarrays (TMAs) constructed from tumour samples 
of 1000 CRC patients who were treated at Nottingham University Hospitals NHS Trust 
between 2008 and 2012. The average follow-up period for these patients was 53.6 months. 
Cancer specific survival was tracked from the date of the primary surgical treatment to 
time of death due to cancer. This study involved human participants and had the approval 
of East Midlands- Leicester Centre Research Ethics committee (REC reference 
23/EM/0079). The written informed consent of the patients was collected. 56.85% (568) 
patients were biologically male and 43.2% (432) were biologically female. The median age 
was 69 (range 16-94) with clinical stages: 16% stage I, 40% stage II, 32% stage III and 12% 
stage IV. Further details on tumours characteristics have been published previously [191] 
(Table 3). Four cores (sections) were taken from distinct regions within each tumour: 
Adjacent Normal (AN), Invasive Margin (IM), Center of Tumour (CT), and Luminal Side (LS) 
as shown in Figure 10,  Figure 11.  
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Figure 10. Schematic illustration of CRC sidedness and staging (Stages 0-IV), based on the TNM 
classification.  

The diagram shows the colorectal sidedness in the left which is divided into two colors, right: green and left: red.  Right 
side shows the tumour growth from the luminal side (LS) through the layers of the colon wall, including mucosa, 
submucosa, and muscularis propria. Three main compartments of tumour tissue is depicted as invasive margin (IM), 
where angiogenesis occur and the tumour is actively invading into the surrounding normal tissue; the tumour center 
(CT) with areas of necrosis in later stages is hypoxic and nutrient-deprived, leading to cell death. LS is the area where 
tumour contacts with the lumen.  Lymph node involvement is the main feature of Stage III; and distant metastasis is the 
prominent feature of Stage IV which is shown through massive access to the blood supply . The inset indicates the 
anatomical location within the right and left colon. 
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Figure 11. Tissue Cores from Four Patients with Colorectal Cancer.  

This upper figure displays pseudo-colored images of tissue cores obtained from two different CRC patients, the lower 
showing tissue cores from two other patients with fluorescent m-IHC staining. Four cores were taken from distinct 
regions within each tumour: Adjacent Normal tissue, Invasive Margin, Center of Tumour, and Luminal Side. The images 
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were obtained from pseudopathological view of Phenochart software for cytokeratin. Brown is Cytokeratin and blue is 
DAPI. 

 

 

Table 3.Summary of the clinicopathological characteristics  of the patient cohort.   

[191]N; number, DSS; disease free survival, SE; standard error. 

Clinic -pathological parameters  

N (%) 
mean (DSS) 
months  SE 

95 %Confidence 
interval  

Survival distribution (Log rank -
mantel cox) of overall colorectal 
patients  

lower  Upper Z (or Chi-square) P-value 

Gender 

Male 
568 
(56.8%) 99.9 1.861 92.9 100.2 1.51 0.219 

Female 
432 
(43.2%) 96.6 1.853 96.3 103.6 

  
Overall 1000 101.2 1.39 98.51 104 

  

Age 

(<69) 489 101.2 1.91 97.48 104.9 0.004 0.95 

(>69) 511 96.65 1.88 92.98 100.32 
  

Overall 1000 101.2 1.39 98.51 103.9 
  

N-Regional lymph 
node 

N0 (No lymph node 
metastasis) 

570 
(58.5%) 106.82 1.23 104.41 109.23 103.35 0 

N1 (Regional lymph 
node metastasis) 405(41.5%) 78.79 2.36 74.18 83.42 

  
overall 975 (100%) 96.26 1.313 93.69 98.83 

  

Metastases (M) 

M0 (no distant 
metastasis) 

881 
(88.1%) 107.6 1.28 105 110 272.73 0 

M1 (Distant 
metastasis) 

119 
(11.9%) 45.3 4.037 37.4 53.22 

  
Overall 1000 101.2 1.39 98.51 103.97 

  

Site of Primary 
Tumour 

Right colon 
461 
(46.1%) 93.07 1.87 89.41 96.74 3.995 0.262 

Left colon 
363 
(36.3%) 99.53 2.33 94.95 104.17 

  

Rectal 
147 
(14 .7%) 98.02 2.76 92.61 103.4 
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Unknown 29 (2.9%) 103.8 5.08 93.85 113.84 
  

Overall 1000 101.24 1.39 98.51 103.97 
  

TNM stage 

I 
161 
(16.1%) 119.2 1.28 116.7 121.7 307.78 0 

II 
402 
(40.2%) 103.7 1.41 100.9 106.5 

  

III 
319 
(31.9%) 88.8 2.36 84.15 93.43 

  

IV 
118 
(11.8%) 45.4 4.08 37.43 53.45 

  
Overall 1000  101.2 1.39 98.51 103.97 

  

Extramural 
vascular invasion  

Absence 
502 
(50.9%) 110.9 1.48 108 113.8 56.655 0 

Present 483 (49%) 84.1 2.07 80.13 88.3 
  

Overall 985 101 1.404 98.32 103.8 
  

Microsatellite 
status  

Microsatellite stable 
(MSS) 818  100.6 1.54 97.59 103.6 2.082 0.149 

Microsatellite 
instable (MSI) 160 95.07 2.66 89.85 100.2 

  
Overall 978 101.5 1.398 98.75 104.2 

  

 

2.2 TMA slide preparation 

Tissue microarray (TMA) slides utilized for official staining procedures were obtained from 
pathologists. Slides for optimization purposes were prepared from formalin-fixed, paraffin-
embedded (FFPE) tissue blocks previously obtained. Sections were cut at 5 µm thickness 
using a Leica RM2235 microtome after chilling the blocks in an ice box. Resulting tissue 
ribbons were floated on a 40°C distilled water bath and individual sections were carefully 
mounted onto Superfrost҂ Plus Adhesion Microscope Slides (Epredia, Cat# J1800AMNZ). 
Slides were then air-dried vertically for 30 minutes, labeled with the corresponding tissue 
block ID, and incubated overnight at 37°C to enhance tissue adhesion. Prepared slides 
were stored at 4°C until required. 
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2.3 Chromogenic IHC 

Chromogenic IHC is vital for optimizing individual antibody parameters and their optimal 
order in multiplex panels. This method is more affordable for initial testing compared to 
using expensive Opal fluorophores. The fundamental distinction from fluorescent mIHC 
resides solely in the final detection step, ensuring robust parameter validation for 
subsequent complex multi-cycle fluorescent experiments.  

TMA slides were heated at 60°C for 1 hour, deparaffinized, and rehydrated using xylene and 
100% ethanol, 95% ethanol and 85% ethanol. Slides were soaked in EDTA-based buffer 
(pH9.0) or citrate-based buffer (pH6.0) and microwaved for 1-minute 1000W and then 14 
minutes 200W. Commercially available protein blocking (RE7102, Leica) and peroxidase 
blocking (RE7101, Leica) agents were used to block the protein and endogenous 
peroxidase for 5 minutes each. Tris-buffered saline with 0.1% Tween® 20 (TBST) was used 
for an additional block to decrease the intensity of the background after adding each 
reagent. Following blocking, the primary antibody was incubated for an appropriate 
incubation temperature and time as shown in Table 4.  Next, the post primary (RE7111, 
Leica) was incubated for 30 minutes, and Novoink polymer (RE7112, Leica) was incubated 
for 30 minutes. After DAB-Haematoxylin stain, the section was dehydrated following the 
sequence: 85%, 95%, 100% ethanol, xylene(2x). slides were mounted using DPX mountant 
(Sigma-Aldrich) and whole-slide images were acquired at 40x magnification using the 
PhenoImager HT system (Akoya Biosciences). 
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Figure 12. Workflow and Principles of Chromogenic Immunohistochemistry (IHC) and mIHC for Tissue 
Analysis.  

(A) Step-by-step Workflow for Optimizing IHC and mIHC Panels.  This diagram, largely based on Akoya guidelines, 
illustrates the sequential steps involved in developing and optimizing multiplex immunohistochemistry panels initiated 
with chromogenic IHC. The initial DAB IHC step focuses on finding the optimum concentration, temperature, and 
incubation time for individual antibodies. Following this, Positioning (DAB IHC) is crucial to determine the ideal order 
for each antibody within a multiplex panel. Due to the sequential nature of staining and stripping, positions 1 and 2 
behave similarly, as do positions 3 and 4, and positions 5 and 6. Therefore, for each antibody, it is necessary to run three 
distinct tests, focusing on positions 1, 3, and 5, to identify its best placement in a 6-color panel. Next, Opal single-plex  
aims to find the optimum antibody-Opal fluorophore pairing. Library slides  refer to an Inform guide used to unmix Opal 
signals and remove autofluorescence, preparing for complex multiplex analysis. Finally, Opal multiplex optimization  
ensures that the developed panel has three key features: unmixed channels, balanced signals across all fluorophores, 
and minimal or no crosstalk between colors. (B) Comparison of Chromogenic IHC and Multiplex IHC Principles.  This 
section illustrates the fundamental difference between traditional chromogenic IHC (left) and one cycle of mIHC (right). 
In DAB IHC, a primary antibody binds to the antigen, followed by a secondary antibody conjugated to a Horseradish 
Peroxidase (HRP) polymer. The HRP then catalyzes a reaction with DAB, producing a brown color precipitate at the 
antigen site. In contrast, One cycle of mIHC utilizes an HRP-polymer conjugated secondary antibody that, upon 
binding, activates an Opal-TSA (Tyramide Signal Amplification) reagent. This results in the covalent deposition of an 
Opal fluorophore (fluorescence) at the antigen site, which remain intact in subsequent cycles. (C) Nuclear Staining. 
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After the antibody staining process, nuclear staining is performed using materials like Hematoxylin or DAPI to visualize 
cell nuclei in DAB-IHC and mIHC respectively, providing critical morphological context for subsequent analysis. (D) 
Imaging. Both chromogenically and fluorescently stained slides are then imaged using the same specialized device, 
such as the Akoya PhenoImager, to capture high-resolution images for quantitative analysis. 

2.4 Multiplex IHC (mIHC) 

Following optimization of antibody concentration, antigen retrieval pH, incubation time, 
and panel order based on chromogenic IHC results, a six-plex IHC panel was designed to 
assess macrophage and CD3+ cell immune checkpoint molecule expression in FFPE CRC 
sections. The final optimized panel demonstrated balanced signal intensity across all 
fluorophores with minimal bleed-through. Immunostaining was done with the Opal kit 
(Akoya Bioscience) for the panel in the following order: TIM3 (1:100 dilution, Cell Signaling 
technology Cat# 45208S), LAG3 (1:100 dilution, Cell Signaling technology Cat# 15372S), 
PD1 (1:200 dilution, Abcam Cat# ab52587), CD68 ( 1:300 dilution, Abcam Cat# ab213363), 
CD3 (1:300 dilution, Abcam Cat# ab16669) and CK(1:250 dilution, BioLegend Cat# 905901) 
on TMA sections. Slides were deparaffinized and rehydrated in xylene and 100%, 95%, and 
85% ethanol, respectively. Antigen retrieval was performed by microwave treatment for 15 
minutes with pH6 or pH9 Antigen retrieval (AR) buffer (Akoya Bioscience). Peroxidase and 
protein block was done for 5 minutes (Akoya Bioscience). TMA sections were subsequently 
incubated with primary Antibody for 1 hour at room temperature, post primary Antibody 
(Leica Biosystems, RE7260-K) for 30 minutes, and polymer (Leica Biosystems, RE7260-K) 
for 30 minutes. After each incubation, slides were washed twice with TBST. Finally, Opal 
reagent were added in the order prescribed (Table 4, Figure 13). Following each cycle, 
slides were placed in a pH-optimized AR buffer and subjected to microwave treatment to 
remove previous cycle antibodies. After the final staining cycle, slides were counterstained 
with Spectral DAPI (Akoya Biosciences) and mounted with ProLong® Diamond Antifade 
Mountant (Thermo Fisher Scientific). 
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Figure 13. Schematic diagram of a  final optimised  six-cycle mIHC protocol for staining of FFPE human 
CRC tissue sections.  

 The process is divided into three main stages: (A) Slide Preparation: This involves initial steps to prepare the tissue section for antibody 
staining, including deparaffinization, rehydration, protein blocking (to minimize non-specific antibody binding), and peroxidase blocking 
(to quench endogenous peroxidase activity). (B) Cyclic Immunofluorescence Staining: The core of the  mIHC process, consisting of six 
iterative cycles of antibody staining, signal amplification, and antibody stripping. Each cycle targets a different antigen. The magnified 
image in B shows a simplified representation of a single staining cycle, highlighting the interaction between the primary antibody, 
secondary antibody-HRP conjugate, and the activated tyramide. Step 1: Anti-TIM3/ Opal 690 (red). Step 2: Anti-LAG3/ Opal 480 (cyan). 
Step 3: anti-PD1/ Opal 570 (yellow). Step 4: Anti-CD68/ Opal 520 (green). Step 5: Anti-CD3/ Opal 620 (orange). Step 6: Anti-CK/ Opal 780 
(purple). To visualize the cumulative effect of the staining cycles, the magnified schematic (panel B) progressively adds color with each 
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step. This represents the stable, covalent binding of each Opal dye to its target antigen's location, even after the primary and secondary 
antibodies are removed by microwave-based stripping. The dashed lines between each step in the diagram represent the stripping 
process, emphasizing the tissue's readiness for the next staining cycle. (C) Counterstaining and Mounting: Following the six staining 
cycles, the tissue section is counterstained with DAPI (to visualize cell nuclei) and mounted with a coverslip for imaging. This mIHC 
protocol allows for the simultaneous detection and visualization of six different antigens (TIM3, LAG3, PD1, CD68, CD3, and CK) within a 
single human CRC tissue section. 

 

2.5 Library slides preparation  

Six slides were prepared for spectral library generation using a CD8 antibody (Leica 
Biosystems, Cat# NCL-L-CD8-4B11, RRID: AB_563624, 1:50 dilution), with each slide 
stained with a single, distinct Opal fluorophore. In addition, an unstained slide was 
prepared for autofluorescence assessment, and a slide was stained with DAPI. No primary 
or secondary antibodies were used on the autofluorescence or DAPI-only slides, Figure 14. 

 

 

Figure 14. Schematic diagram of single -plex staining procedures for generating a spectral library.  

The image illustrates the steps involved in preparing single-plex slides for spectral library construction, each stained with a different 
Opal fluorophore (Opal 480, 520, 570, 620, 620, 690, and 780). In addition, DAPI and AF slides were also prepared to unmix DAPI and 
remove autofluorescence.  
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2.6 Image acquisition, Scanning, and InForm training  

The TMA slides were scanned with PhenoImager HT system (Akoya Biosciences) at 20X 
magnification.  Images were annotated via Phenochart (version 2.2; Akoya Biosciences, 
Marlborough, MA, USA) (Akoya Biosciences). Using the captured spectral data and the 
spectral library, the TMA core images were decomposed into individual fluorophore 
components via the InForm software (version 3.0; Akoya Biosciences, Marlborough, MA, 
USA). In the next step, images were trained via machine learning algorithms of Inform 
software package in three steps, including tissue segmentation (Tumour-epithelium and 
Stroma), cell segmentation (DAPI as nuclear signal, CD3 as membrane marker, and CD68 
as cytoplasmic marker), and phenotype classifications in one schema. CD3 positive cells 
are trained as CD3+/LAG3+, CD3+/PD1+, CD3+/TIM3+, CD3+/LAG3+/PD1+, 
CD3+/LAG3+/TIM3+, CD3+/TIM3+/PD1+, CD3+/LAG3+PD1+TIM3+, and Non 
ExhaustedCD3+. CD68 positive cells are trained as CD68+/LAG3+, CD68+/PD1+, 
CD68+/TIM3+, CD68+/PD1+/TIM3+/ Non exhausted CD68. CK positive cells are trained as 
CK epithelium and finally cells without CD3 and CD68 were trained as exhausted others (if 
they have expression of any exhaustion markers) and non-exhausted others ыŔŉШƣőĲǃШĬŸŰќƣШ
have the expression of exhaustion markers).  

Data was exported from InForm in single cell level all manually assessed agree with 
machine learning training. Inform results then processed with R statistical software.  
Phenoptr package (https://github.com/akoyabio/phenoptr) used for the quantification and 
spatial determination of cells in the cores.  

2.7 Drop-out and stripping efficiency test 

Multiplex immunohistochemistry (IHC) is susceptible to several potential sources of error, 
including signal carry-over, bleed-through, and incomplete antibody stripping. Carry-over 
refers to the persistence of Antibody from a previous staining cycle into subsequent 
cycles, leading to false-positive signals. This can result from residual antibody bound to 
the tissue section due to high concentration or long incubation time. Inefficient antibody 
stripping  can further exacerbate carry-over by failing to completely remove antibodies 
from previous cycles. Bleed-through  occurs when high signal intensity in one channel is 
detected in adjacent channels. This is particularly problematic when channels are 
spectrally close, such as DAPI and 480 nm, or 520 nm and 570 nm. Saturated signals, often 
caused by excessive primary antibody or fluorophore concentration, prolonged incubation 
times, or high exposure times during image acquisition, significantly increase the risk of 
bleed-through. 
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To minimize signal saturation and bleed-through during optimization, we aimed to 
maintain Opal dye signal intensities between 10 and 30 for 520, 570, 690 channels, with a 
target range of 1 and 10 for the dimmest Opal dye, 780. The brightest Opal dye, 480, was 
allowed to have a higher acceptable mean signal intensity of up to 50. By optimizing signal 
intensities within these parameters, we aimed to minimize bleed-through. To specifically 
assess the potential for signal carry-over, dropout tests were performed for the TIM3 and 
LAG3 antibodies. These antibodies were selected due to their similar staining patterns 
observed in subsequent cycles, raising concerns about possible carry-over. 

The dropout tests were conducted as follows: Tissue sections were stained with the first 
primary antibody (e.g. anti-TIM3) and Opal 690. A second cycle without primary antibody 
was completed using a different Opal dye.  The TMA slides were scanned with 
Phenoimmager HT system, (Akoya Biosciences) at 20X magnification. Providing no carry 
over of the first cycle was present no signal should be detected in the channel 
corresponding to the second cycle.  

The primary objective of antibody stripping in mIHC is to eliminate all antibodies bound to 
the tissue section from previous staining cycles. This ensures that signals detected in 
subsequent staining rounds are exclusively derived from the antibodies applied in the 
current round, preventing signal carry-over and false-positive results. To assess the 
effectiveness of our standard microwave-based stripping protocol in removing the 
antibodies, the following protocols were performed. After completing a standard staining 
cycle with the anti-TIM3 antibody, the Opal detection step was intentionally omitted. 
Microwave treatment was then performed as usual, followed by a cooling period. 
Subsequently, an Opal dye (570), was applied to the section and incubated for 10 minutes. 
The section was then washed with TBST, counterstained with DAPI, and mounted. This 
approach allows us to determine if any residual TIM3 antibody remains bound to the tissue 
after stripping. If stripping is complete, no signal should be detected on channel 570 in a 
full multiplex experiment. 

2.8 Statistical analysis  

Cell Density Analysis:  Cell densities for each phenotype were quantified from the mIHC 
images using InForm software (version 3.0; Akoya Biosciences, Marlborough, MA, USA). 
Comparison between cell density of desired phenotypes in stroma and intraepithelial 
compartments was done using the Wilcoxon signed-rank test in SPSS software (version 
29.0; IBM Corp, Armonk, NY, USA). Comparisons of cell densities between different tissue 
regions (adjacent normal vs. tumour-associated cores) within each patient were 
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performed using the Wilcoxon signed-rank test with Holm-Bonferroni correction for 
multiple comparisons in SPSS software (version 29.0; IBM Corp., Armonk, NY, USA). 
Comparison of cell densities between unpaired groups (MSI vs. MSS and R-CRC vs. L-CRC) 
were done via Mann Whitney U test in R (version 4.4.1; R Core Team, Vienna, Austria). 
Graphs of cell densities were generated using GraphPad Prism (version 10.0; GraphPad 
Software, San Diego, CA, USA). Heatmaps visualizing the density of desired phenotypes 
across different cores of individual patients were generated using ggplot2 and reshape2 
packages in R (version 4.4.1; R Core Team, Vienna, Austria).  

Survival  Analysis:  For survival analysis, the average cell density of each phenotype was 
calculated across tumour-associated cores (IM, CT, and LS) for each patient. Optimal cut-
off points of these average cell densities were determined using X-tile software (version 
3.4.7; Yale University, New Haven, CT, USA). The cut-off points were then used to 
dichotomize the cell density data into "high" and "low" expression groups for each 
phenotype using SPSS software (version 29.0; IBM Corp., Armonk, NY, USA). Survival 
curves were generated using R (version 4.4.1; R Core Team, Vienna, Austria) with the 
'survival', 'survminer', and ggplot2 packages. The Kaplan-Meier method was used to 
estimate survival probabilities, and differences in survival between the high and low 
density groups were assessed using the log-rank test. Statistical significance for these 
analyses was defined as a p-value < 0.05. 

To investigate potential differences in the prognostic value of the desired cell densities 
between different tumour locations and MMR status, patients were categorized into two 
groups based on the primary tumour location: right-sided or left-sided CRC (CRC) and High 
MMR (MSS) and Low MMR (MSI). Then, within each group, the average cell density of 
desired phenotype was calculated across tumour-associated cores (IM, CT, and LS) for 
each patient. Optimal cut-off points, dichotomization, and survival analysis were done as 
mentioned before. The same methodology was used to investigate prognostic value of the 
desired cell densities between different section, including AN, CT, IM, and LS.  

The prognostic significance of average cell densities within tumour-related cores, was 
determined with multivariate Cox proportional hazards regression on SPSS (version 29.0; 
IBM Corp., Armonk, NY, USA). The model included the following covariates: sex, MMR 
status, vascular invasion, TNM stage, presence of metastases, tumour sidedness, and 
dichotomized interested cell density. Optimal cut-off points for dichotomizing cell 
densities into "high" and "low" expression groups were determined using X-tile software 
(version 3.4.7; Yale University, New Haven, CT, USA).  

Correlation Analysis:  Spearman's rank correlation coefficients were calculated to assess 
the correlation between different cell densities. An overall correlation matrix, including all 
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phenotypes, was generated and visualized using R (version 4.4.1; R Core Team, Vienna, 
Austria) with the corrplot package. For specific pairwise correlations of interest, 
Spearman's rank correlation coefficients were calculated using SPSS software (version 
29.0; IBM Corp., Armonk, NY, USA). 

Spatial and neighborhood Analysis:  Cytomap software (version 1.4.21) was used to 
identify and define distinct tissue regions based on cell density and spatial distribution.  

Figure and Image Generation: For image and figure generation, Biorender and Figjam 
were utilized. 

AI using: AI writing assistance was used in preparing this manuscript. Gemini Advanced 
(Google) and Grammarly aided in proofreading for only grammar and clarity. 
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3 Chapter 3: Result 

3.1 Optimizing mIHC panel 

This study focused on optimizing the mIHC staining protocols for TIM3, LAG3, PD1, CD68, 
CD3, and CK antibodies to permit the study of T-cell exhaustion in FFPE human CRC 
sections. Previous students had established optimized protocols for PD1, CD68, CD3, CK, 
TIM3, and LAG3 monoclonal antibodies. Hence, initial experiments with TIM3 and LAG3, 
based on prior protocols, utilized overnight incubation at 4°C for both LAG3 and TIM3 Abs. 
However, further optimization in multiplex panels revealed that a significantly shorter 
incubation time of 1 hour at room temperature for both TIM3 and LAG3 resulted in 
improved signal intensity with a reduced background. Antigen retrieval buffer optimization 
was also performed for TIM3 and LAG3 to have a better signal to background intensity. 
Additionally, PD1 chromogenic staining was performed alongside TIM3 and LAG3 to help 
characterize their expression patterns within the tissue. 

 

3.1.1 TIM3 Ab optimiz ation  

Initial mIHC experiments on FFPE human CRC tissue revealed challenges in achieving 
optimal staining quality for the anti-TIM3 antibody. Through an overnight incubation 
protocol at 4°C in the initial panels, we observed high background staining, in the 690 
channel paired with TIM3 Ab (Figure 15). This elevated background raised concerns for 
potential false-positive signals and signal carry-over. 

To address these issues, we undertook a comprehensive optimization of the TIM3 staining 
protocol. First, we evaluated the impact of antigen retrieval buffer pH on staining quality by 
comparing the results of heat-induced epitope retrieval using buffers at pH 6 and pH 9 via 
chromogenic IHC (Figure 16). Secondly, background signal intensity in chromogenic IHC 
was reduced by decreasing the incubation time from overnight at 4°C to 1 hour at room 
temperature. (Figure 17). Third, to directly assess the potential for signal carry-over, a two-
cycle dropout test was performed. In the first cycle, the tissue was stained with TIM3 
antibody paired with Opal 690. The second cycle included only Opal 480 reagent, omitting 
any primary antibody. In the absence of carry-over, no signal should be detected on the 
480 channel. However, a persistent signal in the 480 channel, indicating carry-over of the 
TIM3 signals from the first cycle, Figure 19. This carry-over effect is likely attributed to 
either an excessively high concentration of Opal 690 dyes or TIM3 antibodies, or to 
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insufficient antibody stripping between cycles. Consequently, the efficiency of microwave-
based antibody stripping was assessed, Figure 20. 

 

Figure 15. High background staining observed with overnight incubation of TIM3 antibody in a mIHC  
panel on human CRC tissue  from two cores (patients) . 

(Left) Representative image of tissue sections stained TIM3 (Red, detected at 690 nm). TIM3 antibody was used at the first position in a 
1:400 dilution and incubated overnight at 4°C. Magnified view of the boxed region, showing 690 channels. Although positive cells are 
clear, the high background staining, in the 690 nm channel for TIM3 was detected, which could potentially lead to false-positive 
interpretation of TIM3 expression and carry over to other channels.  
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Figure 16. Comparison of TIM3 IHC staining in human CRC tissue  (one patient)  using antigen retrieval 
buffers at pH 6 and pH 9, showed PH9 as the optimized PH. 

Sections from same patients in two different tests were subjected to heat-induced epitope retrieval with either a pH 6 (Citrate-based 
buffer)(bottom) or pH 9 (top) (EDTA-based buffer). IHC staining was performed using an anti-TIM3 antibody at a 1:100 dilution and a 1-
hour incubation at room temperature. A weak signal for TIM3 was observed with the pH 6 buffer compared to the strong staining of pH 9 
buffer. Insets show magnified views of representative cells, highlighting the difference in staining intensity.  

 

 

Figure 17. High background observed with overnight incubation of TIM3 antibody on human CRC tissue  
(one core). 

IHC staining for TIM3 was performed on a human CRC tissue section using an anti-TIM3 antibody at a 1:200 dilution and an overnight 
incubation at 4°C after heat-induced epitope retrieval with a pH 9 buffer. While some specific staining is apparent (inset, magnified 
view), there is substantial background staining throughout the tissue section, potentially obscuring accurate interpretation of TIM3 
expression.
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Figure 18. TIM3 IHC staining on CRC human tissue sections using a 1 -hour incubation at room 
temperature and pH 9 antigen retrieval  in different cores  (patients) . 

Final Optimized TIM3 IHC staining. Representative images from different tissue cores (patients), demonstrating predominantly 
cytoplasmic and membranous staining patterns with minimal to no background staining in most cores. (h) In some cores (h), nuclear 
staining of tumour cells was also observed. 
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Figure 19. Dropout test demonstrated  signal carry -over in a two-cycle mIHC experiment targeting TIM3 
on CRC tissue sections.  

In the first cycle, tissue sections were stained with an anti-TIM3 antibody in a 1:400 dilution and incubated overnight at 4°C, detected 
using Opal 690 (red, left column). The second cycle included only Opal 480 (cyan, right column) without any primary antibody. Images in 
the left column show the signal from the 690 channel of the first cycle. Images in the right column show the combined signal from both 
480 and 690. Ideally, no signal should be detected in the 480 channel in the absence of a primary antibody. However, a persistent signal 
observed on the 480 channel that mirrors the staining pattern seen on the 690 channel indicating carry-over of the TIM3 signal, likely due 
to either an excessively high concentration of Opal 690 or TIM3 antibody in the first cycle, or to insufficient antibody stripping between 
cycles. The carry-over effect suggests that in a standard multiplex panel, a portion of the signal attributed to the second antibody (e.g. 
LAG3) might originate from residual TIM3 antibody from the previous cycle, leading to potential false-positive results.  
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Figure 20. Evaluation of microwave -based antibody stripping efficiency in a mIHC panel using a TIM3 
antibody on CRC tissue sections  in different patient  samples  (Cores). 

To assess stripping efficiency, a modified staining protocol was employed. In the first cycle, tissue sections were stained with a TIM3 
antibody. No Opal dye was added following the antibody incubation in this cycle. Microwave treatment was then performed like the 
standard multiplex protocol. After cooling, the sections were incubated with Opal 570 for 10 minutes, washed with TBST, and 
counterstained with DAPI. Representative images show DAPI (blue) and Opal 570 (yellow) channels. In the majority of the tissue cores 
(top left, top right, and bottom left images), no Opal 570 signal was detected, indicating effective stripping of the TIM3 antibody. A slight 
signal was observed in only two out of 100 cores (bottom right image, yellow), which is considered negligible. These results demonstrate 
the overall effectiveness of the microwave-based stripping protocol in removing antibodies between cycles in this multiplex panel.
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In conclusion, the TIM3 antibody (Ab) was successfully optimized for the first position in 
the panel, utilizing a 1:100 dilution, 1-hour incubation at 37°C, and a pH of 9.0. This Ab was 
effectively paired with Opal 690 at a 1:100 dilution. 

3.1.2 LAG3 Ab Optimization    

Using an initial overnight incubation protocol at 4°C for the LAG3 antibody paired with Opal 
480, a high background staining was observed (Figure 21). In addition, the high mean 
signal intensity of LAG3 (>100) presented a risk of saturated signals, signal bleed-through 
into other channels, and carry over. An evaluation of antigen retrieval buffer pH, comparing 
pH 6 and pH 9 and the effect of reducing antibody incubation time from overnight at 4°C to 
1 hour at room temperature was conducted, Figure 22, Figure 23. 

 

Figure 21. High background staining observed with overnight incubation of LAG3 antibody in a mIHC 
panel on human CRC tissue  in one core (patient) .  

(Left) Representative image of a tissue section stained LAG3 (cyan, detected at 480) and CD3 (orange, detected at 620). The LAG3 
antibody was used at the second position in a 1:100 dilution and incubated overnight at 4°C. Center is the magnified view of the boxed 
region, showing multiple channels. (Right) Single-channel images extracted from the center panel, with the top showing the 480 channel 
(LAG3, cyan) and the bottom showing the 620 channel (CD3, orange). The high background staining, in the 480 channel for LAG3 was 
detected, which could potentially lead to false-positive interpretation of LAG3 expression and bleed through to other channels. 
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Further examination of the multiplex staining results revealed a concerning similarity in the 
staining patterns of LAG3 and PD1, detected just after LAG3 in the multiplex panel. 
Dropout test, shown in Figure 25, showed signals on the 570 channel that closely 
resembled the LAG3 staining pattern from the previous cycle. Given previous experiments 
demonstrated the effectiveness of stripping protocol (Figure 20), the persistent signal 
strongly suggests that the carry-over is not due to residual LAG3 antibody. Instead, it likely 
results from an excess of Opal 480 used in the LAG3 detection. Decreasing the 
concentration of Opal 480 in the full multiplex panel showed satisfactory results, Figure 
26.  

 

Figure 22. Optimization of pH for LAG3 IHC Staining in Colorectal Cancer  in two different cores 
(patients)  showed PH9 as the optimized PH. 

 The LAG3 antibody was used at a 1:100 dilution with a 1-hour incubation at room temperature. Two different pH levels 
were tested for antigen retrieval: pH 9 and pH 6. At pH 9, positive staining is observed, indicating successful antigen 
retrieval and antibody binding. At pH 6, no positive staining is observed, suggesting that this pH is not optimal for antigen 
retrieval with this particular antibody, concentration, incubation time, and tissue. 

 



 

53 
 

 

Figure 23. Overnight Incubation for LAG3 IHC in a CRC core (patient) .   

IHC was performed on human CRC tissue using the LAG3 antibody with overnight incubation at 4°C, a 1:100 dilution, 
and pH 9 antigen retrieval. Positive staining (brown cytoplasmic and membrane pattern) is observed.
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Figure 24. Subcellular Localization of LAG3  (1:100. PH:9, 1h incubation) in CRC Tissue as Demonstrated 
by Chromogenic IHC  in different cores (patients) .  

The final optimized situation for LAG3 antibody was 1:100 dilution with a 1-hour incubation at room temperature and 
antigen retrieval at pH 9. Different subcellular staining patterns are observed, suggesting dynamic localization of LAG3. 
(c,d): Examples of predominantly cytoplasmic LAG3 staining, potentially representing vesicular localization, as 
indicated by the dot-like pattern (see insets for higher magnification). The circular membrane staining(b) in some cells 
may represent LAG3 localization to the cell surface following activation. Images show clear backgrounds. Insets show 
higher magnification views of selected areas, highlighting the subcellular staining patterns.  
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Figure 25. Dropout test demonstrated  signal carry -over in a two-cycle IHC experiment targeting LAG3 
on FFPE human CRC cores .  

In the first cycle, CRC tissue sections were stained with a LAG3 antibody (diluted 1:100 and incubated overnight at 4°C) 
and detected using Opal 480 (cyan, left column). The second cycle included only Opal 570 (yellow, right column) 
without any primary antibody. Images in the left column show the signal from the 480 channel after the first cycle. 
Images in the right column show the combined signal from both the 480 and 570 channels after the second cycle. 
Ideally, no signal should be detected in the 570 channel in the absence of a primary antibody. However, a persistent 
signal observed in the 570 channel that mirrors the staining pattern seen in the 480 channel,  indicating carry-over of the 
LAG3 signal to next cycles.  
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Figure 26. Optimization of Opal 480 concentration for LAG3 detection in a mIHC panel on human CRC 
tissue sections  in different cores (patients) . 

 FFPE human CRC tissue sections were stained with a LAG3 antibody and visualized using different dilutions of Opal 480 
in different multiplex panels. (Top) Opal 480 at 1:200 dilution. (Middle) Opal 480 at 1:300 dilution. (Bottom) Opal 480 at 
1:400 dilution. Left-hand images show an overview of each tissue section, while right-hand images show magnified 
views of the boxed regions. While the 1:200 dilution resulted in high background, the 1:300 dilution yielded acceptable 
background in most tissue cores. However, the mean signal intensity for LAG3 at the 1:300 dilution was 54 (range: 35-
120), exceeding the target maximum of 50 and raising concerns about potential bleed-through into adjacent channels or 
signal carry-over to subsequent cycles. The 1:400 dilution of Opal 480 demonstrated minimal background and a mean 
LAG3 signal intensity of 35.6 (range: 21-69), falling within the acceptable range. Therefore, the 1:400 dilution of Opal 480 
was selected as the optimal concentration for LAG3 detection in this multiplex panel. 
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In conclusion, the LAG3 antibody (Ab) was successfully optimized for the second position 
in the panel. This optimization involved a 1:100 dilution, 1-hour incubation at 37°C, and a 
pH of 9.0. The Ab was effectively paired with Opal 480 at a 1:400 dilution. 
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3.1.3 PD1 Ab Optimization 

PD1 Ab associated with higher background in the initial panels, Figure 27. This mostly 
came from previous cycles, and was decreased after optimization of TIM3 and LAG3 Ab.  
To find the pattern of PD1 expression in the tumour and immune cells, chromogenic IHC 
was done which showed different patterns for the expression of PD1 in which epithelial 
tumour cells exhibited a nuclear staining pattern compared to the cytoplasmic pattern of 
immune cells, Figure 28. 

 

 

Figure 27. mIHC optimization of human CRC tissue showing high background  of PD1, LAG3, and TIM3 in 
initial panels  in one core.  

FFPE human CRC tissue sections were stained with a mIHCpanel targeting PD1 (1:200, 1 hour incubation, second 
position), LAG3 (1:100, overnight incubation at 4°C, first position), and TIM3 ( 1:400, overnight incubation at 4°C, third 
position) using Opal reagents (Top Left). Image showing PD1 (yellow), LAG3 (cyan), and TIM3 (red), with nuclei 
counterstained with DAPI (blue). (Top Right) Magnified view of the boxed region in the top left panel. (Bottom) Individual 
channels for PD1/Opal 570 (yellow), LAG3/Opal 480 (cyan), and TIM3/Opal 690 (red). Note the presence of high 
background staining, particularly for TIM3, PD1 and LAG3 is obvious.  

 












































































































































































































































































