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Abstract 

Gastric cancer (GC) is lethal, with standard treatments offering little benefit. The 

immune component of the tumour microenvironment has been shown to highly 

influence GC progression and response to immune checkpoint therapies (ICTs). 

Tumour-associated macrophages (TAMs), one of the most abundant immune 

infiltrates in GC, are known for their plasticity and multiplicity of function. An 

abundance of TAMs is commonly associated with poor survival of cancer 

patients. However, their influences on survival in the GC setting are inconsistent 

between studies possibly due to a range of activation states and phenotypes 

and require further investigation. 

In this study, a human GC cohort was interrogated by multiplex 

immunohistochemistry and analysed using comprehensive bioinformatic spatial 

and transcriptomic techniques to investigate the spectrum of TAMs in GC. Their 

spatial distribution within the tumour and association with tumour-infiltrating T 

lymphocytes (TILs), GC microenvironment and clinical outcomes were 

determined. In silico and in vivo models were used to validate these findings. 

Seven predominant TAM populations were identified in a complexed multi-

dimensional spectrum model. Each TAM population exhibited a unique 

combination of cellular markers and correlated with a specific environmental 

signature resembling published characteristics of in vitro-polarised 

macrophages. The spatial distribution pattern of TAMs was highly-related to 

their distance to tumour cells but was independent of their overall densities. 

This distribution pattern was described as an overall decrease in CD206, and 

increases in IRF8, CD68 and CD163 as TAMs near the tumour cells.  

The CD163+ TAMs expressing concurrent high CD68 (CD68++CD163+) were 

associated with improved patient prognosis. These TAMs co-existed with the 

CD3+CD8+ TILs within the same tumour. NOX2 and PD1 were identified as 

functional markers for these immune populations, respectively, and an 

upregulation of these markers on corresponding cells was observed when the 

cells were in proximity with each other. Inclusion of these functional markers 
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improved the survival predictive value of these immune populations compared 

to using overall cell density, and suggests that these immune cells may be 

functioning through the NOX2/PD1 axis. This may reflect the antigen-

presentation ability and activation statues of the TAMs and TILs, respectively. 

TAMs is commonly correlated with high programmed death ligand 1 (PDL1) 

expression, a current ICT target, in the literature. In this study, the CD68-only 

and CD206+ TAMs were identified as specific TAM populations that exhibit high 

PDL1. This indicates that these TAMs may be particularly associated with 

immunosuppression and may serve as a complementary biomarker for ICTs in 

addition to PDL1. 

An in vivo macrophage depletion protocol was established in an immune-

incompetent mouse model to further test this hypotheses on macrophage 

subtypes. Concentrations of different clodronate-liposome constructs were 

optimised for investigating tumour invasion and progression in the absence of 

overall and CD206+ macrophages.  

In conclusion, this Thesis (i) establishes methods which allow investigation and 

reveal the spatial heterogeneity of TAMs in human GC, and (ii) identifies a 

specific TAM/TIL pair and PDL1+ TAM populations that may be utilised as 

potential therapeutic targets and biomarkers of patient survival and response to 

ICT. 
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Chapter 1 : Literature review 

1.1 Gastric cancer 

1.1.1 Incidence and mortality 

Gastric cancer (GC) is a significant threat to public health worldwide. With over 

one million new diagnoses annually, it ranked 5th in incidence and 3rd in cancer-

related mortality in 20181. The incidence of GC is distributed unevenly across 

global geographic regions. Eastern Asia, Central and Eastern Europe, and 

South America have the most GC cases reported each year. In contrast, GC 

occurs with low incidence in Africa, Northern America and Northern Europe1, 2 

(Figure 1.1.1). The Republic of Korea and Japan have the highest incidence, 

however, due to the implementation of screening programs for early-detection3, 

4, their survival rates are significantly higher than the other countries where GC 

is normally diagnosed at more advance stages.  

 

Figure 1.1.1 Worldwide gastric cancer incidence rates (2018) 

ASR: Age-standardised rate. Rate including both genders and all ages. Image1 adapted from 

http://globocan.iarc.fr/ 
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In Australia, GC is relatively rare compared to other cancers1 (Figure 1.1.1 and 

Table 1.1.1). However, despite a gradual decrease in incidence and mortality 

for the past two decades (Figure 1.1.2A, B and C), the 5-year survival (30%) 

only increased by 5%, demonstrating the urgent need for improved diagnostics 

and treatments for GC (Figure 1.1.2D)1, 2. 

Table 1.1.1 Cancer age-standardised rates (ASR) in Australia, 2018 

Cancer type 
Incidence Mortality 

ASR per 10
5
 Rank ASR per 10

5
 Rank 

Stomach 4.6 20 2.3 14 

Lung 26.2 5 16.8 1 

Melanoma of skin 33.6 4 3.2 10 

Colon / rectum 36.9 3 10.9 3 

Prostate 85.6 2 10 4 

Breast 94.5 1 12.3 2 

Data from http://globocan.iarc.fr/ 

 

 

Figure 1.1.2 Age-standardised rates in Australia from 1995-2014 

GC incidence and mortality of (A) both gender, (B) male and (C) female. (D) 5-year overall 

survival. ASR: Age-standardised rate. Rate including all ages. Data2 from http://globocan.iarc.fr/ 
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1.1.2 Cancer classification 

1.1.2.1 Gastric cancer at anatomic regions of the stomach 

The human stomach can be divided into five different regions based on their 

functions and anatomy; the cardia, fundus, body, antrum and pylorus (Figure 

1.1.3A). The cardia is connected to the oesophagus, forming the gastro-

oesophageal junction (GOJ)5. The cardia, fundus and produce acid and pepsin 

for digestion, whilst food is mixed with gastric juice and digested in the antrum 

and pylorus, and then emptied into the small intestine. In general, GCs located 

at the antrum are associated with a smaller tumour size, less invasion and 

metastasis, and with longer patient survival compared to tumours at the cardia, 

fundus and body6.  

The stomach wall is composed of four major layers; innermost mucosa, 

submucosa, muscularis propria and serosa (Figure 1.1.3B and C). GC generally 

initiates at the mucosal surface and invades outward through the serosa into the 

peritoneum as the disease advances7 (further introduced in §1.1.4.1).  

 

Figure 1.1.3 Anatomical features of human stomach 

(A) Regions of the stomach. Cardia: part of stomach connected to the oesophagus. 

Fundus:  upper part of the stomach adjacent to the cardia. Body (corpus): main part of the 

stomach. Antrum: for the mixing of food and gastric juice. Pylorus: part of the stomach 

connected to the small intestine. (B and C) Major layers of the stomach wall. Image modified 

from the Encyclopaedia Britannica: https://www.britannica.com/science/gastric-gland 



4 
 

1.1.2.2 Histological classification 

GC is a heterogeneous disease with the majority of cases (>95%) classified as 

adenocarcinomas8. Over the past half century, Laurén’s criteria9 has been used 

to describe GC based on its histological appearance (Figure 1.1.4). It 

characterises GC tumours into intestinal (54%), diffuse (32%) and mixed 

subtypes (14%; mixture of intestinal and diffuse). Intestinal GC is characterised 

as well-differentiated and with gland-like structures, compared to the poorly 

differentiated and randomly scattered tumour cell morphology of the diffuse GC9. 

These GC subtypes exhibit differences in aetiology, response to therapy and 

survival10, 11. Recently, a change in trend has been observed with an increasing 

percentage of diffuse and decreasing intestinal types12-14. 

 

Figure 1.1.4 Histological GC subtypes by Laurén classification 

Representative H&E stains of (A) Intestinal (B) Diffuse and (C) Mixed subtype. Image15 from 

Chong et al., Oncology Reports, 2014. 

 

Intestinal GC is thought to arise through chronic inflammation driving a step 

wise process16 known as the Correa cascade16, 17, This progresses from normal 

gastric mucosa, through atrophic gastritis, small intestinal metaplasia (acquired 

CDX2), dysplasia and ultimately GC. Intestinal GC occurs more often in elderly 

males and is associated with longer survival18, Helicobacter pylori infection (H. 

pylori; further introduced in §1.1.3.2)19 and expression of the small intestine 

marker, Caudal type homeobox 2 (CDX2)20.  

Diffuse GC more commonly affects younger females, is resistant to 

conventional chemotherapy21 and has a much poorer survival18. Diffuse GC can 

be either sporadic or related to inherited pathogenic mutations in the cadherin-1 
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(CDH1) gene22. Germline mutations in CDH1 give rise to the syndrome 

Hereditary Diffuse Gastric Cancer (HDGC) which is characterised by familial 

clusters of diffuse GC and lobular breast cancer23. HDGC accounts for 1-3% of 

all GC24 with a cumulative GC incidence of 70% and 56% by 80 years of age in 

men and women, respectively22. Pathogenic CDH1 mutations alter tumour cell 

biology resulting in aggressive tumour invasion25 and lymph node metastasis26. 

Another classification system developed by the World Health Organization 

(WHO) classifies four major histological subtypes of GCs, including tubular, 

papillary, mucinous and poorly cohesive (inclusive of signet ring cell carcinoma), 

and rare variants27. The WHO tubular and papillary carcinomas correspond to 

the Laurén intestinal subtype, whilst the signet-ring cell and other poorly 

cohesive carcinomas resemble the diffuse GC11. Compared to Laurén’s 

classification, the WHO classification is predominantly histologically driven, 

irrespective of their aetiology and clinical relevance11. However, it is more 

descriptive of all different GC subtypes, compared to only gastric 

adenocarcinomas (95%) in Laurén’s classifications7. 

1.1.2.3 Molecular classification 

A study by Boussioutas et al. was the first to use mRNA gene expression 

profiling to characterise GC (n=65) and adjacent pre-malignant lesions (n=59)28. 

In this study, intestinal GC was characterised by high expression of cell 

proliferation markers whereas diffuse GC exhibited a more active extracellular 

matrix (ECM) production and remodelling phenotype28. These characteristics of 

diffuse GC were in keeping with the epithelial-mesenchymal transition (EMT) 

process that the epithelial cells lose their polarity and gain migratory 

properties29. Importantly, similar molecular signatures were observed in tumour 

specimens irrespectively of ethnic background28 (further introduced in §1.1.3.1), 

suggesting the existence of universal molecular carcinogenic events 

irrespective of aetiology.  

In 2011, the gene expression profiles of 37 human GC cell lines were analysed 

and two intrinsic GC subtypes (defined as G-INT and G-DIF) were described by 

Tan, et al.30. Theses intrinsic GC subtypes were further validated in primary 

human GC tumour samples (n=521) that a concordance of 64% was observed 
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with the G-INT and G-DIF corresponding to Laurén’s intestinal and diffuse GC. 

The G-INT patients exhibited an improved prognosis (hazard ratio [HR] =1.79; 

95% confidence interval [CI], 1.28-2.51; p-value<0.001) and response to 

chemotherapy compared to G-DIF. G-INT cell lines were more sensitive to 5-

fluorouracil and oxaliplatin whilst the G-DIF cell lines were more sensitive to 

cisplatin30. 

In 2014, the Cancer Genome Atlas (TCGA) program performed a large-scale-

integrated multi-platform analysis of 295 primary gastric adenocarcinomas 

combining the data generated from (1) somatic copy number analysis, (2) 

whole-exome sequencing, (3) array-based DNA methylation profiling, (4) 

messenger RNA sequencing, (5) microRNA sequencing and (6) reverse-phase 

protein array. This comprehensive characterisation of GC revealed four distinct 

molecular subgroups (Figure 1.1.5): Epstein-Barr virus (EBV)-positive (9%), 

microsatellite instable (MSI; 22%), chromosomal instability (CIN, 50%), and 

genomically stable (GS, 20%) subtypes31. The four subtypes exhibited different 

molecular signatures indicating different tumour microenvironments (TME) and 

suggesting different possible treatment options32.  

The EBV-positive subtype was associated with a high frequency of PIK3CA 

mutations (80%), extreme DNA hypermethylation, overexpression of 

programmed death-ligand 1 (PDL1) and PDL2, and a higher degree of immune 

cell signalling due to chronic infection31. The MSI subtype was associated with 

elevated mutation rate caused by impaired DNA mismatch repair activity and 

common alterations in beta-2 microglobulin (B2M) and human leukocyte antigen 

B (HLA-B) genes of the major histocompatibility complex class I (MHC I) 

molecules31. The subsequently generated neo-antigens within MSI tumours 

could therefore enhance host immunity33 and respond to treatment with 

immunotherapy inhibitors (further introduced in §1.1.5.4).  

Around 78% of the GS tumours were classified as diffuse subtype and were 

associated with EMT and angiogenesis-related pathways32. CIN tumours 

consisted about 50% of all GC cases and approximately 50% were of intestinal 

GC subtype31. Increased tumour protein 53 (TP53) mutations, receptor tyrosine 

kinases (RTKs) and RAS activation genes, such as the human epidermal 
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growth factor receptor 2 (HER2), vascular endothelial growth factor A (VEGFA), 

epidermal growth factor receptor (EGFR), were commonly found in these 

tumours31. 

 

 

Figure 1.1.5 Molecular GC subtypes by TCGA 

ARHGAP: Rho GTPase-activating protein 8. CLDN18: Claudin 18. CDH1: cadherin-1. CDKN2A: 

cyclin-dependent kinase Inhibitor 2A. CIMP: CpG island methylator phenotype. CIN: 

chromosomal instability. EBV: Epstein-Barr virus-positive. GS: genomically stable. MSI: 

microsatellite instability-high. MLH1: MutL homolog 1. PIK3CA: phosphatidylinositol-4, 5-

bisphosphate 3-kinase catalytic subunit alpha. RAS: rat sarcoma viral oncogene. RHOA: Ras 

homolog family member A. RTK: receptor tyrosine kinase. Image31 from the Cancer Genome 

Atlas, Nature, 2014. 
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1.1.3 Risk factors and aetiology 

The development of GC is associated with a combination of factors including (i) 

gender, ethnicity and age, (ii) infection, and (iii) diet and lifestyle34.  

1.1.3.1 Gender, ethnicity and age 

In general, males have a 2-fold higher incidence and mortality rate of GC than 

females1, making it the 4th most common and 3rd most lethal cancer type for 

men worldwide (7th and 5th for women, respectively). 

Ethnicity has been associated with the risk of GC and correlates by age, 

incidence, mortality rate, hereditary and genetic disorders35-37 and tumour 

formation at different anatomic-subregions of a stomach38. In the United States, 

Asian, Hispanic, and African American had increased GC risk compared with 

the non-Hispanic white population between the ages of 60-6439. Non-Hispanic 

white people were 50% less likely to develop GC than Asians in both genders, 

however, had the worst 5-year survival among all races39. Cardia GC was 

associated with non-Hispanic white people38, which may be one reason for their 

poorer survival6, while non-cardia GC was found more commonly in other 

ethnicities and with lower social economics status38. 

1.1.3.2 Infection 

Chronic inflammation caused by bacterial and viral infection is highly associated 

with GC40. Helicobacter pylori (H. pylori) is a bacterium that colonises the 

stomach and infects around 45% of the global population41. It has been shown 

to correlate with the increased incidence of non-cardia GC (89% infection rates 

compared to 17.8% of cardia GC), especially in the patients with early age of 

infection prior to cancer diagnosis42. Infection with H. pylori is thought to trigger 

the Correa cascade of intestinal GC development16 (§1.1.2.2), however, only 1-

2% of the H. pylori-infected population would eventually developed GC43. The 

global distribution patterns of H. pylori infection and GC incidence are 

dissimilar44 which is partly due to different H. pylori strains45, 46 and in 

combination with other factors (e.g. diet and lifestyle; §1.1.3.3). Individuals 

infected with cytotoxin-associated gene A-positive (CagA+) H. pylori, but not 

CagA- H. pylori, have been shown to exhibit 5.8 fold greater risk of developing 
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GC compared to uninfected individuals (95% CI: 2.6-13.0)45. East Asian CagA+ 

H. pylori, compared to Western CagA+ H. pylori, have been shown to be more 

oncogenic and correlate with the elevated GC incidence in East Asian 

countries47, 48. 

Another source of infection is Epstein-Barr virus (EBV) that accounts for 

approximately 9% of global GC cases31 (§1.1.2.3). It has similar prevalence in 

Asia (8.3%), Europe (9.2%), and the US (9.9%)31, 49. EBV infection is more 

common in males (11%) than females (5%) and with GC located at the cardia 

(14%) than the antrum (5%)49. EBV has been shown to alter host immunity50 

and a co-infection of EBV with H. pylori may increase the risk of GC51. However, 

the roles of this virus in GC development and progression remain to be 

determined. 

1.1.3.3 Diet and lifestyle 

GC is associated with high-salt52, and salt-preserved food53 correlating with an 

increased risk of GC by 2-folds compared to a low-salt diet. Consumption of salt 

has been shown to (i) enhance gastritis and the carcinogenic effects of N-

nitroso compounds in rats53, and (ii) persistent H. pylori infection at the 

damaged mucosa in mouse54. A starch/meat/fat-enriched diet was also shown 

to increase GC risk by 2-fold compared to a fruit, vegetable, and vitamin C-

enriched diet53, 55, with no impact of the anatomical location and the histological 

GC type56. This may be related to the modulation of enzyme functions or 

antioxidant activities in these foods55.  

Smoking has been shown to be a risk factor for GC in a large scale multi-

epidemiological study57. Current cigarette smokers were identified as having 

higher risk of developing GC with an odds ratio (OR) of 1.25 (95% CI: 1.11-1.40) 

compared to never smokers. Former, and ever smokers showed an OR of 1.12 

(95% CI: 0.99-1.27) and 1.20 (95% CI: 1.09-1.32), respectively, compared to 

people who never smoked. Similarly, alcohol drinkers were found to increase 

the risk of GC compared to non-drinkers (OR: 1.39, 95% CI: 1.20-1.61)58. Lastly, 

obesity (body mass index [BMI]>30) has been shown to be a risk factor for GC 

(OR: 1.13, 95% CI: 1.03-1.24), especially with cardia GC (OR: 1.61, 95% CI: 
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1.15-2.24), in men (OR: 1.27, 95% CI: 1.09-1.48) and in non-Asians (OR: 1.14, 

95% CI: 1.02-1.28)59, 60.  

The influence of diet and lifestyle may outweigh the effects of genetic and 

hereditary factors1, 37, 61, 62. Decreased GC incidence in descendants of 

immigrants from countries with high GC incidence was observed when 

relocating to lower incidence countries (e.g. Asian/Japanese immigrants to the 

US). However, these first generations of immigrants retained their original risk 

profiles suggesting that the development of GC may be due to accumulations of 

early events in life. 

 

1.1.4 Cancer diagnosis and staging 

Diagnosis of GC primarily depends on endoscopy-collected biopsies63. 

Endoscopic ultrasonography has been shown to assist in staging through 

discriminating superficial (T1-T2) compared to more advance GC (T3-T4; 

introduced in the following section)64 but this is not used routinely. Computed 

tomography (CT) and magnetic resonance imaging (MRI) are used for locally 

advanced GC as well as detecting liver and lymph node metastasis63. 

Fluorodeoxyglucose-positron emission tomography (FDG-PET) is useful for the 

detection of lymph node and bone metastasis63, 65. 

1.1.4.1 Cancer AJCC staging 

After histological diagnosis, GC is characterised into different cancer stages to 

inform the progression of the disease and for determining appropriate treatment. 

The American Joint Committee on Cancer (AJCC) staging system incorporates 

features of cancer, including (i) the depth of tumour invasion (T), (ii) the extent 

of spread of tumour cells to regional lymph nodes (N) and (iii) the presence of 

distant metastases (M; TNM)66, 67 (Table 1.1.2; related to Figure 1.1.3C). For 

this study, AJCC 6th edition is used for classifying patient samples as this was 

the edition in use at the time of patient enrolment (from 1999-2009)68. The 

AJCC manual is constantly updated and the most recent version is the 8th 

edition69, which is more characteristic of later stages of GC compared to the 6th.  
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Table 1.1.2 AJCC 6th gastric cancer staging 

Modified67 from Hsu et al., Annals of Thoracic Surgery, 2010. 

Staging Definitions 

Depth of tumour 
invasion (T) 

TX Primary tumour cannot be assessed. 

T0 No evidence of primary tumour. 

Tis 
Carcinoma in situ, without invasion into lamina propria.  
Represent the “early stage” of GC. 

T1 
Invasion of tumours through the inner mucosa layers (mucosa and 
submucosa; related to Figure 1.1.3B and C) but not yet reached the 
muscularis layer of the stomach (muscularis propria). 

T2 Invasion of tumours through the muscularis layers or the serosa. 

T3 Penetration of tumours through the stomach wall locally. 

T4 
Invasion of tumours to nearby organs*.  
Represent the “most advance stage” of GC. 

Lymph node 
metastasis (N) 

N0 No regional lymph node metastasis 

N1 1–6 regional lymph nodes 

N2 7–15 regional lymph nodes 

N3 15 or more regional lymph nodes 

Distant 
metastasis (M) 

MX Distant metastasis cannot be assessed 

M0 No distant metastasis 

M1 With distant metastasis 

*: Organs including the spleen, liver, pancreas, kidney, small intestine, colon, and 
retroperitoneum etc. 

 

1.1.5 Treatments for gastric cancer 

1.1.5.1 Endoscopic resection and surgery 

Endoscopic treatment options for GC are often limited due to late onset of 

diagnosis70. However, countries with high GC incidence, such as Japan71 and 

Korea72, have established guidelines which describe for tumours that can be 

resected endoscopically or by surgery (Figure 1.1.6).   

Currently, the only curative methods are endoscopic resection and surgical 

removal of early stage GC. Endoscopic resection includes endoscopic mucosal 

resection (EMR) and endoscopic submucosal dissection (ESD) that are 

applicable for mucosal localised (≤ 2 cm), non-ulcerous, and well differentiated 

GC cases with no nodal metastases (N0; Figure 1.1.6)70. EMR refers to the 

removal of GC lesion as well as the mucosa surrounding the lesion aided by 
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fluid injected into the submucosal layer underneath the tumour73. ESD operates 

with a similar approach as EMR but involves the removal of submucosa from 

the muscle layer. This technique provides a more precise control on the depth 

of tissue dissection and is capable of removing larger size of the lesions 

(>25mm) at the fluid-expanded submucosal space74. For GC with more 

advanced stages but with no distant metastasis (M0; Figure 1.1.6), gastrectomy 

and lymph node dissection can be performed. 

 

Figure 1.1.6 Standard treatment algorithm for gastric cancer in Japan 

Modified71 from Japanese Gastric Cancer, Gastric Cancer, 2017. M: mucosal. SM: submucosal. 

UL: ulcer. 

 

1.1.5.2 Neoadjuvant and adjuvant therapy  

Interventions applied prior or post primary treatment of cancer are referred as 

neoadjuvant or adjuvant therapies, respectively. These procedures, including 

chemo-, radio- and chemoradio-therapies, are aimed to either shrink a tumour 

before surgery, or to maximise the effectiveness of the primary treatments and 

to minimise the risk of cancer recurrence75.  
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There is no international consensus on which method should be applied; 

adjuvant chemoradiotherapy (US and Australia), perioperative chemotherapy 

(Europe), and adjuvant chemotherapy (Japan, South Korea and Australia) are 

listed as standard treatments in different global regions75. 5-fluorouracil (5-FU)76, 

cisplatin77 and oxaliplatin78 are common chemotherapy regimens for GC and 

some success has been reported for both neoadjuvant79 and adjuvant80 settings 

on progression-free and overall survival (PFS and OS, respectively) compared 

to surgery alone. Adjuvant and neoadjuvant radiatiotherapy81 and 

chemoradiotherapies82 may be beneficial for GC patients over surgery alone in 

some clinical trials. However, the efficacy and timing of these interventions 

requires further study given that therapeutic effectiveness has not been 

observed across all trials83-85.  

1.1.5.3 Targeted therapy 

Targeted therapies have been introduced in patients with advanced GC based 

on specific characteristics of individual tumours. HER2 is overexpressed in 

around 18% of GC86, is associated with intestinal and CIN GC subtypes, 

enhanced tumour progression and serosal invasion and metastasis86. Clinical 

trials examining the combination of trastuzumab (anti-HER2 antibody) with 

chemotherapy agents showed significantly improved OS compared to 

chemotherapy alone in advanced or cardia GC (HR: 0.74; 95% CI: 0.60-0.91; 

p=0.005)87. Therefore, it is now considered as the first line therapy of patients 

with HER2-positive advanced GC70.  

VEGF, a critical tumour angiogenesis pathway molecule, is elevated in the 

serum of GC patients88 and is associated with poor survival89. GC patients 

receiving ramucirumab, an anti-VEGFR antibody, had improvement in OS (HR: 

0.776, 95% CI: 0.60-0.99; p=0.047) compared to the placebo group90. 

Antibodies targeting HER1 (EGFR)91, other angiogenic antibodies92, 93 and other 

tumour/microenvironment targets are being examined94 (Table 1.1.3).  
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Table 1.1.3 Targeted therapy trials for gastric cancer 

Data from www.clinicaltrials.gov. Table94 modified from Kiyozumi et al. J Cancer Metastasis Treat 2018. 

Target 
Trial/ 

registry No. 
Year Regimen Phase n 

Median OS Median  PFS 

Months HR / 95%CI p-value Months HR / 95%CI p-value 

HER2 

ToGA 2010 
FP/XP 

3 594 
11.1 HR: 0.74 

0.0046 
5.5 HR: 0.71 

0.0002 
FP/XP + tratuzumab 13.8 0.60-0.91 6.7 0.59-0.85 

LOGiC  2016 
CapeOx + placebo 

3 545 
10.5 HR: 0.91 

0.3492 
5.4 HR: 0.82 

0.0381 
CapeOx + lapatinib 12.2 0.73-1.12 6 0.68-1.00 

EGFR REAL-3 2013 
EOC 

3 553 
11.3 HR: 1.37 

0.013 
7.4 HR: 1.22 

0.068 
EOC + panitumumab 8.8 1.07-1.76 6 0.98-1.52 

VEGF AVAGAST 2011 
XP + placebo 

3 774 
10.1 HR: 0.87 

0.1002 
5.3 HR: 0.80 

0.0037 
XP + bevacizumab 12.1 0.73-1.03 6.7 0.68-0.93 

VEGFR2 

REGARD 2014 
Placebo 

3 355 
3.8 HR: 0.776 

0.047 
1.3 HR: 0.483 

<0.0001 
Ramucirumab 5.2 0.60-1.00 2.1 0.38-0.62 

RAINBOW 2014 
Paclitaxel + placebo 

3 665 
7.36 HR: 0.807 

0.0169 
2.86 HR: 0.635 

<0.0001 
Paclitaxel + ramucirmab 9.63 0.68-0.96 4.4 0.54-0.75 

VEGFR, 
RET, RAF 

INTEGRATE 2016 
Placebo 

2 147 
4.5 HR: 0.74 

0.147 
0.9 HR: 0.40 

<0.001 
Regorafenib 5.3 0.51-1.08 2.6 0.28-0.59 

HGF RILOMET-1 2017 
ECX + placebo 

3 609 
10.7 HR: 1.34 

0.003 
6·0 HR: 1·26 

0.016 
ECX + rilotumumab 8.8 1.10-1.63 5·6 1.04-1.51 

mTOR GRANITE-1 2013 
Placebo 

3 656 
4.34 HR: 0.90 

0.1244 
1.41 HR: 0.66 

<0.0001 
Everolimus 5.39 0.75-1.08 1.68 0.56-0.78 

OS: overall survival; PFS: progression-free survival; HR: hazard ratio; CI: confidence interval; FP: 5-fluorouracil and cisplatin; XP: capecitabine and cisplatin; CapeOx: 
capecitabin + oxaliplatin; EOC: epirubicin + oxaliplatin + capecitabine; ECX: epirubicin + cisplatin + capecitabine 
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1.1.5.4 Immunotherapy for gastric cancer 

In 2006, Galon et al. established a positive correlation between increased T cell 

densities with improved survival in colorectal cancer patients95. In 2018, Dr. 

James P. Allison and Dr. Tasuku Honjo were awarded the Nobel prize in 

Physiology or Medicine for their discoveries in immune checkpoint targets, 

cytotoxic T-lymphocyte-associated protein 496 (CTLA-4) and programmed cell 

death protein 197 (PD1). Antibodies to these targets were approved by the FDA 

in 201198 and 201499, respectively, and have revolutionised treatments for 

immunogenic cancers100, 101.  

CTLA4 (CD152) is an inhibitory T cell receptor which competes with the T cell 

co-stimulatory protein, CD28, when binding to CD80/CD86 on antigen-

presenting cells102 (Figure 1.1.7). The activation of CTLA4 inhibits T helper cells 

but enhances regulatory T cells (Treg) activities contributing to an overall 

immune suppressive outcome103. PD1 (CD279) is an inhibitory receptor 

expressed on multiple cell types of both lymphoid104, 105 and myeloid106-109 

compartments. Binding of PD1 on T cells with both PDL1 (CD274) and PDL2 

(CD273) on antigen-presenting cells or tumour cells110, 111, results in a 

dephosphorylation of CD28 which inhibits downstream T cell activation112. 

These inhibitory signalling pathways are designed for maintaining self-

homeostasis113, and dysfunction of which leads to an increased risk of 

autoimmune diseases114, 115; however, are being deployed by tumour cells to 

evade immune surveillance116. 

To date, multiple immune checkpoint targets have been identified (Figure 1.1.7). 

Treatment approaches that aim at restoring T cell functions through removing 

these immune-suppressive cells in different cancer models are being 

examined116-118. Among these targets, anti-CTLA4 and anti-PD1/PDL1 are the 

most promising117, 119, already finding utility in treating multiple different cancer 

types120, 121 and may be useful in GC122-124.  
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Figure 1.1.7 Immune checkpoint targets 

+/-: stimulatory or inhibitory signal. CTLA-4: cytotoxic T-lymphocyte-associated protein 4. 

B7RP1: B7-related protein-1. BTLA: B- and T-lymphocyte attenuator.  ICOS: inducible T cell co-

stimulator. HVEM: Herpesvirus entry mediator. NKp30: Natural cytotoxicity triggering receptor 3, 

CD337. PD-1: programmed cell death protein 1. PD-L1: programmed death-ligand 1. Image 

from https://www.prosci-inc.com 

 

Multiple clinical trials examining the efficacy of immunotherapy in GC are in 

progress, primarily targeting the PD1/PDL1 axis125, 126 (Table 1.1.4). Patients 

with EBV-positive and MSI GC are assumed to be more likely to benefit from 

immunotherapies due to their high immune active profiles31 (§1.1.2.3). These 

criteria, as well as PDL1 expression, are used for patient selection when 

evaluating the efficacy of immunotherapies in patients with metastatic GC126. In 

this study, the majority of the patients with EBV/MSI GC subtype (92%) or 

PDL1-positivity (80%) responded to checkpoint inhibitors. However, a small 
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proportion of patients with GS/CIN GC (9%) and PDL1-negativity (29%) were 

also responsive126, suggesting a need for more precise biomarkers and a better 

understanding of immune function126, 127. In addition to cancer subtype, distinct 

tumour immunity signatures have been shown to distinguish between Asian and 

non-Asian GCs in another study128. Asian GC tumours had lower immune 

activity and higher immune suppression128, suggesting differential 

immunotherapy responses may be expected.  

Collectively, current evidence suggests that a better understanding of the 

tumour microenvironment is crucial which includes (i) defining a more accurate 

threshold for PDL1-positivity129, 130, (ii) exploring how the tumour 

microenvironment respond to these checkpoint inhibitions131 and (iii) identifying 

the source of PD1/PDL1 within the tissue132. PDL1 expression was reported in 

approximately 40% of GC cases123, with a unevenly distributed pattern across 

the tumour specimen. High PDL1 has been shown to be profoundly located at 

the tumour/stroma interface, expressed by both tumour and immune cells133, 

and highly correlated with the stromal infiltration of macrophages within the 

tumour microenvironment134. 
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Table 1.1.4 Immune checkpoint therapy trials for gastric cancer 

Data from www.clinicaltrials.gov. Table135 updated from Kiyozumi et al. J Cancer Metastasis Treat 2018. 

Target Registry No Year 
Trial/ 

authors 
Regimen Phase n 

Median OS Median  PFS 

Months 
HR / 

95%CI 
p-value Months 

HR / 
95%CI 

p-value 

PD1 

NCT02267343 2016 ONO-4538-12 
Placebo 

3 493 
4.14 HR: 0.63 

<0.0001 
1.45 HR: 0.60 

<0.0001 
Nivolumab alone 5.32 0.50-0.78 1.61 0.49-0.75 

NCT02335411 2020 
KEYNOTE-

059  

Pembrolizumab (previously treated) 

2 259 
Ongoing. Complete responses in 2.3% of patients (6/259); Median 
response was 8.4 (1.6-17.3) months. 

Pembrolizumab (previously untreated) 

Pembrolizumab + 5-FU + cisplatin or 
capecitabine 

NCT02370498 2020 
KEYNOTE-

061    

Pembrolizumab 
3 395 

9.1 HR: 0.83 
0.042 

1.5 HR: 1.27 
- - 

Paclitaxel 8.3 0.66-1.03 4.1 1.03-1.57 

NCT02494583 2020 
KEYNOTE-

062  

Pembrolizumab + cisplatin + 5-FU or 
capecitabine 

3 

257 12.5  HR: 0.85 

0.046 

6.9  HR: 0.84 

0.039 
Placebo + cisplatin + 5-FU or 
capecitabine 

250 11.1  0.70-1.03 6.4  0.70-1.02 

Pembrolizumab alone 

3 

256 10.6  HR: 0.91 

- - 

2.0  HR: 1.66 

- - Placebo + cisplatin + 5-FU or 
capecitabine 

250 11.1  0.74-1.10 6.4  1.37-2.01 

PD1/ 
CTLA-4 

NCT02872116 2022 CheckMate649 

5-FU + oxaliplatin  

3 2005 Ongoing. No unexpected side effects in chemotherapy arms Nivolumab + 5-FU + oxaliplation 

Nivolumab + ipilimumab 

PDL1 NCT02625623 2019 
JAVELIN 

Gastric 300 

Avelutinib 
3 371 

4.6 HR: 1.10 
0.81 

1.4 HR: 1.73 
>0.99 

Paclitaxel or ilinotecan 5.0 0.90-1.40 2.7 1.40-2.20 

PDL1/ 
CTLA-4 

NCT02340975  2019 
Kelly  
et al. 

Durvalumab 

1/2 114 
Ongoing. Combination of checkpoint inhibition has a manageable 
safety profile. 

Tremelimumab 

Durvalumab + tremelimumab 
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1.2 Tumour microenvironment 

The tumour microenvironment is comprised of tumour cells and stromal 

components136 (e.g. immune cells, fibroblasts and endothelial cells). The 

interaction between these cell types and the extracellular matrix, vascular 

distribution, oxygen (hypoxia), nutrients and chemokines further complicates the 

tumour milieu137. These factors all contribute to the progression and metastasis 

of cancer138-140, therefore, therapies that direct killing of the tumour cell as well 

as influencing the tumour microenvironment are being explored141, 142. 

Examples of this include targeting angiogenesis143, 144 (Table 1.1.3) and 

immunotherapy145 (Table 1.1.4). Understanding the tumour microenvironment 

not only informs current immune status of the disease, but could provide clues 

for future therapies and inform how the tumour might have been established 

through interaction with the immune system146, 147. 

1.2.1 The immune system 

The immune system is comprised of different biological and cellular processes 

that protects the host from diseases and maintains body homeostasis148. The 

human immune system has two major lines of defence: the innate and the 

adaptive immune system. The innate immunity (e.g. the complement system, 

neutrophils, macrophages, dendritic cells, natural killer cells) represents the first 

line of defence and rapid response (within hours) to foreign substances149. This 

is an antigen-independent process compared to the antigen-dependent 

activation of the adaptive immunity150 (e.g. T and B lymphocytes). Whilst the 

adaptive immune system generally exhibits a delay in activation, it ultimately 

provides a specific and prolonged clearance of insults, and a rapid and efficient 

immune memory response upon future re-exposures. These two lines of 

defence are cooperative through the antigen presentation process151 and their 

cytokine/chemokine crosstalks152. Overactivity of immunity could results in 

allergy, inflammatory diseases and autoimmunity, whilst defects in either 

system could render the host vulnerability to infection and possibly cancer148. 
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1.2.2 The three “Es” of cancer immunoediting 

The relationship between the immune system and the development of cancer 

was first described by Dr. Rudolph Virchow over 150 years ago153. To date, the 

establishment of tumours is described as undergoing three major chronological 

immunoediting phases through the immune system: Elimination, Equilibrium 

and Escape (referred to as “the three Es”; Figure 1.2.1)154-156.  

This Elimination process is an extrinsic tumour suppressing mechanism. It  

starts with the collaboration of both innate and adaptive immune systems to 

remove newly developed malignant cells derived from DNA mutations157, 

inflammation158 or virus infection159. Effector molecules (e.g., IFN-α, β and γ), as 

well as recognising molecules (e.g., NKG2D) have been shown to be important 

in this process160, 161. If this phase is successful, no disease will progress. 

However, tumour cell clones which survive immune surveillance will enter the 

next dynamic equilibrium stage. The Equilibrium stage is where the growth of 

tumour cells is kept in control by the immune system. Opposing roles of IL-12 

(anti-tumour) and IL-23 (pro-tumour) in maintaining cancer cells in this immune-

mediated dormancy have been proposed162. The Equilibrium stage is thought 

to be the longest phases of the three Es, allowing tumour cells to increase 

heterogeneity and genetic instability through multiple different mechanisms155, 

including MSI and CIN. If further genetic and epigenetic changes occur in these 

tumour cells which lead to their Escape from immune detection, this dynamic 

equilibrium will be unstable resulting in tumour outgrowth and clinically 

detectable disease. This stage is often characterised by a reduced immune 

recognition and an increased immune suppression163. 

In summary, understanding the mechanisms of cancer immunoediting provide a 

biological strategy for immune-based therapies. While current cancer research 

primarily focuses on the therapy post the Escape phase when clinical 

symptoms become more detectable, additional prevention points exist in the 

earlier elimination and equilibration stages. However challenges remain in 

providing early detections and identifying reliable biomarkers163, 164.  
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Figure 1.2.1 The three Es of cancer immunoediting 

Newly derived malignant cells that have undergone carcinogenesis are detected and eliminated 

by the immune system in the Elimination stage. Tumour cells escaping the surveillance, will 

enter a dynamic Equilibrium stage. At the final Escape stage, the tumour cells not only outgrow 

the anti-tumour capacity of immunity but also employ specific immune cells to assist their 

progression. CTLA-4: cytotoxic T-lymphocyte-associated protein 4. DC: dendritic cell. IDO: 

indoleamine-2, 3-dioxygenase. IFN: interferon. MDSC: myeloid-derived suppressor cell. Mϕ: 

macrophage. NK: natural killer. NKG2D: natural killer group 2D. NKR: natural killer receptor. 

MHC: major histocompatibility complex. PD-1: programmed cell death protein 1. TGF: 

transforming growth factor. TNF: tumour-necrosis factor. TRAIL: TNF-related apoptosis-

inducing ligand. Treg: regulatory T cell. Image154 from Schreiber, et al., Science, 2011. 
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1.2.3 Cancer-Immune cycle 

The Cancer-Immune cycle165, which describes how immune cells recognise and 

interact between tumour cells and immune cells in the microenvironment, forms 

the bases of modern immune checkpoint therapy165. In this model, the cycle 

starts with neo-antigens released into the microenvironment post cancer cell 

death. These antigens are taken up by antigen-presenting cells (APCs; e.g. 

macrophages and dendritic cells) and are presented to the adaptive immune 

system to acquire specific recognitions of tumour cells. Activated T cells then 

migrate to the tumour site where they eliminate the tumour cells expressing 

these neo-antigens (Figure 1.2.2). However, in a tumour which has undergone 

immune Escape, this process is often disrupted or hijacked by the cancer cells 

at multiple different points within the cycle. Therefore, approaches that aim to 

restore an effective Cancer-Immune cycle are being investigated and are 

referred to as immune checkpoints. 

 

Figure 1.2.2 Cancer-Immune cycle 

APC: antigen-presenting cell. CTL: cytotoxic T lymphocyte. Image165 from Chen and Mellman, 

Immunity, 2013. 
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1.3 Macrophages 

Macrophages, first discovered by Dr. Élie Metchnikoff in 1883, are one of the 

long-studied immune cells of the innate immune system166. They were first 

described as having the ability to actively clear up foreign particles and 

microbes, where it acquired its name as the “big (macro-) eater (-phage)”167. 

Significant inroads into understanding this cell type has been made in the past 

150 years, particularly in the last two decades, and macrophages are now 

recognised by the hallmark of multi-functionality and plasticity168. 

1.3.1 Bipolar classification of macrophages 

A commonly used method classifying macrophages is the M1/M2 bipolar 

system described based on the T helper 1 (Th1) / T helper 2 (Th2) cytokine 

inductions in mouse models169. This in vitro polarising M1/M2 system describes 

an intrinsic kill/repair, and the pro-/anti-inflammatory abilities of macrophages170, 

171.  

The M1 phenotype, or “classically-activated” macrophages, are induced by 

interferon gamma (IFN-γ), lipopolysaccharide (LPS), tumour necrosis factor 

alpha (TNF-α), and is associated with the enhanced production of pro- 

inflammatory cytokines169 (e.g. interleukin [IL]-1β, IL-6, IL-12, IFN-β), 

chemokines (e.g. chemokine C-C motif ligand 2 [CCL2], , chemokine C-X-C 

motif ligand 9 [CXCL9], CXCL10 and CXCL11172), as well as antigen 

presentation/co-stimulatory molecules (e.g. MHC I173, II174 and CD80/CD86175). 

M1 macrophages function through inducible nitric oxide synthase (iNOS; 

NOS2)168 imparting a direct anti-tumour effect of nitric oxide (NO)176 via 

inhibition of mitochondrial electron transport177. In addition, M1 macrophages 

function in the clearance of viruses, bacteria and pathogens178. Granulocyte 

macrophage colony-stimulating factor (GM-CSF), or CSF-2, has been shown to 

differentiate/polarise macrophages from blood monocytes towards the M1 pro-

inflammatory status through an interferon regulatory factor 5 (IRF5) and nuclear 

factor kappa B (NF-κB) associated pathway171, 179. However, notably, these 

polarisation effects were more pronounced in a Th1- (C57BL/6, B10D2) 

compared to a Th2-type (BALB/c, DBA/2) mouse strains180, 181.  
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The M2 phenotype, or “alternatively-activated” macrophages”, are polarised by 

IL-4 or IL-13182. These macrophages have high production of angiogenic and 

extracellular matrix (ECM) remodelling factors (e.g. VEGF, transforming growth 

factor beta [TGF-β], and matrix metalloproteinases [MMPs])183 and exhibit 

enhanced phagocytosis capacity associated with the defence against 

pathogens and the clearance of apoptotic cells169, 170. Macrophage colony-

stimulating factor (M-CSF), or CSF-1, is critical for the survival and maturation 

of these macrophages171, 184. M2 macrophages have an elevated expression of 

arginase-I (ARG1)185, which competes with the iNOS over L-arginine and 

serves as a metabolic switch between macrophage phenotypes186, 187 (Figure 

1.3.1). Elevated L-arginine has been shown to promote the generation of a 

memory-like T cell phenotype, enhancing their survival capacity and anti-tumour 

potential188. Therefore, by removing L-arginine from the microenvironment, 

along with their tissue-remodelling characteristics, the M2 macrophages have 

been described as experts in resolving inflammation, promoting wound healing 

and suppressing active T cell activities189. 

 

  

Figure 1.3.1 Metabolic switch between M1/M2 macrophages 

iNOS: inducible nitric oxide synthase. NO: nitric oxide. OAT: ornithine aminotransferase. ODC: 

ornithine decarboxylase. Image186 from Yang and Ming, Frontiers in Immunology, 2014. 
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1.3.2 Tumour-associated macrophages 

Macrophages are one of the most abundant cell types recruited into the tumour 

microenvironment190, 191, via tumour-derived M-CSF, CCL2140 and stromal cell-

derived factor 1 (SDF-1, or CXCL12)192. It has been shown that the degree of 

macrophage infiltration can be as high as 50% of the tumour mass in breast 

cancer193 and between 5-30% in GC194, 195. These macrophages, referred as 

tumour-associated macrophages (TAMs) are in general, more close to the M2-

like phenotype and are associated with tumour development, progression and 

metastasis196, 197. 

TAMs can shape the tumour microenvironment in a number of ways198, 199. 

Angiopoietin-2 release by tumour cells attracts monocytes into the 

microenvironment200 which can further differentiation into TAMs. TAMs have 

been shown to migrate deep into tumour hypoxic regions201 where they can 

stimulate angiogenesis and tumour cell proliferation through enhanced VEGFA 

production202, 203 and support tumour cell migration and invasion via the release 

of MMP-2, MMP-7 and MMP-9201, 204. TAMs have also been shown to suppress 

T cell cytotoxic effects with their upregulated arginase-I, prostaglandin E2 

(PGE2), and TGF-β production and support the expansion of regulatory T 

cells205, 206. In addition, TAMs protect tumour cells by decreasing the efficacy of 

chemotherapy through an IL-6 and signal transducer and activator of 

transcription 3 (STAT3)-induced fashion207-209. Due to these properties, TAMs 

have been correlated with poor patient survival in multiple different cancer 

models210, making them a potential target for anti-cancer therapy211.   

1.3.3 Tumour-associated macrophages in gastric cancer 

In general, the biological function of TAMs in GC212 appears similar to other 

cancer types. However, the clinical relevance of TAMs in GC are inconsistent 

between studies211. TAMs have been shown to be enriched in a stromal-

associated EMT phenotype gene signature213 and are associated with poor 

survival outcome194, 214. In contrast, they have also been correlated with 

increased tumour cell apoptosis and immune signalling which is, in turn, 

associated with good prognosis215, 216.  
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These findings may reflect the multi-functionality of the TAMs but could also be 

the consequence of other factors unique to the gastrointestinal tract, such as 

the abundance of microbiomes217. As discussed earlier (§1.1.3.2), H. pylori is 

well recognised for its oncogenic role in GC218. H. pylori-activated macrophages 

in vitro were shown to exhibit elevated IL-1β, IL-12 and IL-23 compared to LPS-

induced macrophages, suggesting a more pro-inflammatory phenotype219. 

Hence, TAMs in a H. pylori-infected GC may have been polarised into a more 

pro-inflammatory M1 than M2 status enabling them to prime the adaptive 

immune responses in the tumour220. However, H. pylori was shown to evade 

macrophage eradication via enhancing macrophage arginase-II (ARG2) 

expression221, inducing apoptosis of infected macrophages via changing their 

mitochondrial-membrane permeability222 and truncating their antigen-

presentation ability223, 224. Moreover, the overall microbiota composition differs 

between paired non-malignant and GC tissues225. Therefore, how these 

microbial-induced regional changes affect overall immune response and the 

interaction with distant tumour regions within the stomach remains unclear.  

1.3.4 Tumour-associated macrophages as therapeutic targets 

Currently, evidence suggests that not only is focusing on the adaptive immune 

system important but targeting the myeloid components, such as macrophages, 

can have anti-tumour effects and may be an adjunct in increasing the efficacy of 

existing therapies226. TAMs are considered an important target for cancer 

therapy, due to their cancer/resistance promoting and immune suppressing 

properties211. Multiple methodologies are being developed to target TAMs 

based on different aspects of their function which can be summarised into three 

broad directions: (i) depletion, (ii) repolarisation and (iii) restoration of function. 

1.3.4.1 Depletion 

Clodronate-liposomes have been used to specifically deplete macrophages by 

targeting their phagocytic function, inducing macrophage apoptosis via 

disruption of the mitochondria inner membrane227, 228. In mouse models, 

systemic depletion of macrophages with clodronate-liposomes has been shown 

to improve therapeutic efficacy of anti-VEGF antibodies229. Similar systemic 

TAM depletion can be achieved with anti-CSF-1/CSF-1R molecules or 
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antibodies and a type I IFN-related suppression effect was observed in 

combination with cisplatin in a mouse mammary tumour model230.  

Local TAM depletion can be achieved by interfering with the CCL2/CCR2231 and 

CXCL12/CXCR4192 pathways, which are important chemoattractants for 

macrophages into the tumour microenvironment. CCL2/CCR2 blockade has 

been shown to significant decrease the CD11b+/Gr-1+ myeloid population and 

activate NK cells, but not T cells, in mouse primary liver tumours232 and to 

reduce lung metastases in a mammary tumour model233. Trabectedin, a DNA 

binding drug that has been approved for soft tissue sarcoma treatments, was 

found to also selectively target TAMs by inducing cell apoptosis and reducing 

their CCL2 mRNA expression234. Small molecule inhibitors targeting CXCR4 

have been shown to reduce cancer cell proliferation and invasion in vitro as well 

as to suppress tumour growth and metastasis in vivo235, 236. Multiple clinical 

trials targeting these macrophage attracting axes are being examined (Table 

1.3.1). Some have demonstrated effective TAM reductions (NCT01444404). 

While the depletion of overall macrophages or regional TAMs have shown to be 

promising anti-cancer approaches, these methods have so far not considered 

the polarisation status of these cells. A small proportion of M1-like macrophages 

within the M2-dominant microenvironment has been shown to be associated 

with improved GC survival214, 237 and may possess anti-tumour and antigen-

presenting abilities that are required for initiation of the Cancer-Immune cycle 

(Figure 1.2.2). More importantly, systemic depletion of macrophages can lead to 

a disturbance of body homeostasis238. To address these potential problems, 

““repolarisation” and “restoration of function” TAM targeting approaches are 

being investigated.  
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Table 1.3.1 Clinical trials focusing on TAM depletion 

Data from www.clinicaltrials.gov. Table239, 240 updated from Mantovani et al., 2017, and Poh and Ernst, 2018. 

Target Drug Phase n Cancer type 
Combined 

therapy 
Complete 
(expected) 

Result Registry No. 

CSF-1R 
inhibitor 

Pexidartinib 
(PLX3397; 
Plexxikon) 

1/2 24/25 
Sarcoma, nerve-
sheath tumours 

C 2020 Ongoing NCT02584647 

2 24 Melanoma NA 2019 Ongoing NCT02071940 

1 24 Prostate 
R and 
hormone 

2018 Ongoing NCT02472275 

1/2 78 Solid tumours Anti-PD1 ab 2018 NA NCT02452424 

1 19 
Pancreatic or 
colorectal 

Anti-PDL1 ab 2019 Toxicity as expected. NCT02777710 

3 120 PVNS or GCT-TS NA 2019 
Improved response rate and clinical 
benefits. Liver toxicity observed. 

NCT02371369 

3 68  Breast C 2020 Ongoing NCT01596751 

1/2 81  
Leukaemia, 
sarcoma, or 
neurofibroma 

NA 2020 Ongoing. Drug well tolerated. NCT02390752 

1/2 90  
Acute myeloid 
leukaemia 

NA 2018 NA NCT01349049 

1/2 65  Glioblastoma C and R 2019 
Can be safely combined in newly diagnosed 
GBM. 

NCT01790503 

1 74  Solid tumours C 2018 NA NCT01525602 

1/2 1920  Breast C 2020 Ongoing NCT01042379 

PLX7486 
(Plexxikon) 

1 59  
Solid tumours / 
Pancreatic 

NA 2018 NA NCT01804530 

PLX3397 
(Plexxikon) 

1/2 132  Solid tumours NA 2020 
12/23 patients with partial response and 7 
had stable disease. 

NCT01004861 

Ab: antibody. C: chemotherapy. R: radiotherapy. PVNS: pigmented villonodular synovitis. GCT-TS: giant cell tumours - tendon sheath. 
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Table 1.4.1 Clinical trials focusing on TAM depletion (Continued) 

Target Drug Phase n Cancer type 
Combined 

therapy 
Complete 
(expected) 

Result Registry No. 

Anti-
CSF-1R 
antibody 

LY3022855 
(IMC-CS4; Eli Lilly) 

1 178  Solid tumours 
Anti-PDL1 
/CTLA-4 ab 

2018 NA NCT02718911 

1 36  Breast or prostate NA 2017 
Drug well tolerated. Evidence of target 
engagement. 

NCT02265536 

1 72  Solid tumours NA 2018 NA NCT01346358 

Emactuzumab 
(Roche) 

1 310  Solid tumours Anti-PDL1 ab 2019 Drug well tolerated. NCT02323191 

1 217  Solid tumours C 2018 
Specific reduction of TAMs. No clinically 
anti-tumour activities. 

NCT01494688 

AMG820 (Amgen) 

1/2 116  
Pancreatic, 
colorectal, or non-
small-cell lung 

Anti-PD1 ab 2019 Ongoing NCT02713529 

1 25  Solid tumours NA 2014 
Tolerated with manageable toxicities. 
Limited anti-tumour activities. 

NCT01444404 

Anti-CCL2 
antibody 

CNTO888 
(Centocor) 

2 46  Prostate NA 2011 NA NCT00992186 

1 53  Solid tumours C 2011 
Drug well tolerated. No consistent changes 
in circulating tumour or endothelial cells. 

NCT01204996 

Anti-CCR2 
antibody 

MLN1202 
(Millennium 

Pharmaceuticals) 
2 44  Bone metastasis NA 2012 Therapeutic effects in 14 patients. NCT01015560 

CCR2 
antagonist 

PF-04136309 
(Pfizer) 

1 44  Pancreatic  C 2016 Safe and tolerable. NCT01413022 

CXCR4 
Inhibitor  

Plerixafor (Mozobil; 
AMD3100) 

1/2 30  Glioblastoma C and R 2018 Drug well tolerated. No toxicities observed. NCT01977677 

Ab: antibody. C: chemotherapy. R: radiotherapy. 
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1.3.4.2 Repolarisation 

The aim of this approach is to repolarise TAMs into an anti-tumour, or less pro-

tumour and immune-suppressive phenotype241. The axis of Jumonji domain 

containing-3 (JMJD3), a histone 3 Lys27 (H3K27) demethylase, and IRF4, a 

regulator of anti-inflammatory macrophage response242, has been shown to be 

an essential pathway for M2 macrophage development and its function during 

helminths infection, but not for the M1 responses243. However, this JMJD3/IRF4 

axis has recently be reported to regulate the increased production of CCL17, a 

pro-inflammation cytokine, and the expression of MHC II in human monocyte 

and mouse macrophages post GM-CSF induction244, 245. These results suggest 

that targeting this pathway may be more complicated than a simple change in 

TAM polarisation status.  

The hematopoietic cell kinase (HCK), a key regulator for the M2 macrophage 

development246, 247 and extracellular matrix proteolysis248, is another possible 

target. Inhibition of HCK has been shown to suppress M2 macrophage 

activation and to decrease STAT3-associated pathways which resulted in a 

reduced growth of colon xenograft tumours249. In addition, targeting the STAT3 

and STAT6 signalling pathways has also been shown to reverse immune 

tolerance in human malignant glioma250 and in mouse mammary tumour 

models251, respectively. 

PI3-kinase gamma (PI3Kγ) has recently been identified as a molecular switch 

controlling immune suppression252. PI3Kγ is highly-expressed in myeloid cells 

but not tumour cells253, 254. It functions through the Akt/mTOR pathway by 

inhibiting NF-κB while stimulating C/EBPβ252. Activation of PI3Kγ results in an 

enhanced myeloid cell trafficking, suppressed host immunity during 

inflammation and promoted tumour growth255-257. Selectively inhibiting 

macrophage PI3Kγ activity resulted in a restored T cell activation, reduced 

tumour growth and exhibited a synergistic effect with anti-PD1 antibody in a 

mouse model258 and, more importantly, to be tolerable in a phase I clinical trial 

(NCT02637531; Table 1.3.2)259. 

CD40 is a costimulatory protein found on antigen presenting cells including 

macrophages260. Targeting CD40 with an antibody agonist activates TAMs and 
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induces tumour cell death in an IFN-γ-dependent manner260 and the interaction 

of TAMs with CD4+ helper T cells induces macrophage-derived TNF-α and 

NO261. Sensitising TAMs with anti-CD40 treatments combined with CSF-1R 

inhibitors has been shown to rapidly repolarise the TAMs toward a pro-

inflammatory phenotype which reinvigorated effective T cell functions even in 

checkpoint-insensitive tumours262. 

1.3.4.3 Restoration of macrophage function 

Macrophages are known for their phagocytic ability263 and are antigen-

presenting cells264, 265 that bridge the innate and adaptive immune systems. 

Therefore, approaches that aim to restore their phagocytic function are being 

explored. 

The CD47/signal regulatory protein alpha (SIRP-α) axis is one of the most 

promising targets266. CD47 is an integrin-associated protein that plays an 

important role in cell self-recognition267 and has been shown to be positively 

regulated by the oncogene MYC268. When it interacts with its ligand, SIRP-α, 

which is expressed highly on myeloid-lineage hematopoietic cells (e.g. 

macrophages and dendritic cells), a signal will be sent to downregulate their 

phagocytic ability269, 270. Numerous cancer types271-274 have been shown to 

hijack this mechanism by upregulating their CD47 expression as a “don’t eat me” 

signal275 to evade clearance by phagocytes276.  

Significant tumour reduction was observed in a mouse model post CD47/SIRP-

α inhibition alone, and in combination with doxorubicin277 and anti-PDL1 

antibody278. In GC, CD47 expression correlates with tumour clones with higher 

proliferation rate and colony formation ability279, 280, suggesting that CD47-

targeting may be an attractive therapeutic approach. A phase I clinical trial of an 

anti-CD47 monoclonal antibody demonstrated antitumor effects in patients with 

advanced solid tumours281 (NCT02216409; Table 1.3.3). The CD24/Siglec10 

axis was recently identified exhibiting similar tumour/macrophage interactions 

as the CD47/SIRP-α axis. Blockade of this pathway robustly augmented the 

phagocytosis of all CD24-expressing human tumour cells in vitro and was 

synergistic with anti-CD47 therapy282. 
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The therapeutic efficacy of restoration of TAM phagocytic function may be 

further improved by combining these approaches with other treatment agents, 

such as chemo-283 and radiotherapies284, 285, which are known to increase 

tumour cell death. These combinations increase the possibility of the adaptive 

immunity being primed by the repolarised-TAMs to achieve tumour 

elimination275, 286. However, antigen presentation seems to be more reliant on 

cells dying through necrosis rather than apoptosis287, 288, suggesting diverse 

effects may be expected depending on the type of cell death induced by 

adjuvant therapies.  

Other studies which utilise macrophages functions as drug carriers289 are still in 

experimental state. These studies aim to overcome the limits in targeted drug 

delivery to solid tumours by combining macrophage phagocytic ability with their 

tumour-homing characteristics290-292.  
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Table 1.3.2 Clinical trials focusing on TAM repolarisation 

Data from www.clinicaltrials.gov. Table239, 240 updated from Mantovani et al., 2017, and Poh and Ernst, 2018. 

Target Drug Phase n Cancer type 
Combined 

therapy 
Completed 
(expected) 

Result Registry No. 

Agonistic 
anti-CD40 
antibody 

CP-870,893 
(Pfizer; UPenn) 

1 34  Solid tumours C 2009 
Safe and some biological and clinical 
responses were observed. 

NCT00607048 

1 10  Pancreas C 2013 NA NCT01456585 

RO7009789 
(Roche) 

1 94  Solid tumours 
Anti-ANG-2-
VEGF Ab 

2020 Ongoing NCT02665416 

1 10 Pancreas Chemo 2018 NA NCT02588443 

CD40 
agonist 

antibody 

Tremelimumab 
and CP-870 

(CP-893; 
AstraZeneca) 

1/2 32  Metastatic melanoma 
Anti-CTLA-
4 antibody 

2016 
2 patients had complete responses 
and 4 had partial responses. 

NCT01103635 

Vaccine 
GM-CD40L 

vaccine 
1/2 73  Lung 

CCL21 
cytokine 

2019 
No significant between vaccine 
immunogenicity and outcomes. 

NCT01433172 

STAT3 
inhibitor 

AZD9150 
(AstraZeneca) 

1 58  
Metastatic hepatocellular 
carcinoma 

NA 2015 
Decreased tumourigenicity and 
increased chemo-sensitivity. 

NCT01839604 

Ab: antibody. C: chemotherapy.  
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Table 1.3.3 Clinical trials focusing on restoration of macrophage function 

Data from www.clinicaltrials.gov. Table239, 240 updated from Mantovani et al., 2017, and Poh and Ernst, 2018. 

Target Drug Phase n Cancer type 
Combined 

therapy 
Completed 
(expected) 

Result Registry No. 

Anti-CD47 
antibody 

Hu5F9-G4 
(Stanford U) 

1 20  Myeloid leukaemia NA 2019 
Well tolerated and some biologic 
activity was observed. 

NCT02678338 

CC-90002 
(Celgene) 

1 28  
Myeloid leukaemia or 
myelodysplastic syndrome 

NA 2018 NA NCT02641002 

1 60  
Advanced-stage solid or 
haematological malignancies 

NA 2020 Ongoing NCT02367196 

SIRPα-Fc 
fusion 
protein 

TTI-621 
(Trillium) 

1 260  
Haematological 
malignancies / Solid tumours 

Rituximab 
Nivolumab 

2021 Ongoing NCT02663518 

Ab: antibody. C: chemotherapy. 
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1.3.4.4 The role of TAMs in current checkpoint inhibition 

Checkpoint inhibitors predominantly aim at the activation of adaptive immunity, 

but they also affect the macrophage population due to their intrinsic expression 

of checkpoint targets or corresponding ligands293, 294. 

The inhibition of PDL1 aims to block suppressive signalling between TAMs and 

tumour cells to T cells132. Enhanced macrophage proliferation was observed in 

mice and humans post anti-PDL1 antibody treatment, accompanied by elevated 

CD80 and MHC II expressions295. Similar effects were found with soluble CD80 

and PD1 which drove macrophages toward a more pro-inflammatory 

phenotype295. Increased PD1 expression has been reported on in vitro polarised 

macrophages with LPS in an NF-κB-dependent manner296 and with tumour-

derived exosomes297. Macrophages highly expressing PD1 exhibit 

downregulated IL-12 and phosphorylated STAT1 expression in patients with 

chronic hepatitis C virus infection298. PD1+ TAMs have been shown to possess 

limited phagocytic ability in human and mouse107 and are associated with 

progression of GC297. Importantly, a combination of PD1/PDL1 blockade with an 

anti-CD47 antibody showed a synergistic therapeutic effect in an immune 

incompetent BALB/c Rag2−/−γc−/− mouse model, demonstrating the anti-tumour 

capacity of TAMs in the absence of the adaptive immune system107. Myeloid-

specific ablation of PD1 was found to be more effective in decreasing tumour 

growth compared to T cell-specific PD1 ablation in a mouse melanoma model299. 

This anti-tumour immunity functioned through the induction of effector memory 

T cells and was facilitated by the inflammatory TAMs and dendritic cells with 

potential enhanced antigen-presenting properties299.   

More importantly, phenotypic remodelling of TAMs was observed in several 

studies with administration of checkpoint inhibition and was associated with the 

transition of the tumour microenvironment from immune cold to hot300-304. 

Significantly increased iNOS+ and diminished CCR2+/CD206+ in myeloid cells 

and reduced regulatory T cells was observed in a mouse sarcoma model 

treated with anti-CTLA-4 plus anti-PD1 therapy301. TAMs have been identified 

as the primary source of CXCL9 and CXCL10 (immune cell chemoattractants) 

in the tumour microenvironment and are critical for anti-tumour immune 
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responses during checkpoint blockade302, 303. Dysfunctional CXCL9 production 

in TAMs through tumour-derived leukaemia inhibitory factor (LIF) was identified 

as a possible mechanism for cancer cells to impede lymphocytes infiltration304. 

In summary, these findings suggest that TAMs play important roles in modern 

checkpoint therapies. Repolarisation/activation of TAMs form an enhanced 

positive feedback within the Cancer-Immune cycle (§1.2.3), and are an 

attractive target for tumour eradication through harnessing host immunity.   



37 
 

1.4 Macrophage diversity and heterogeneity 

Macrophages are a diverse population of cells189 and their heterogeneity is well 

recognised305. Whilst the bipolar M1/M2 model nicely characterises the two 

macrophage phenotypes polarised in vitro, it was not completely reflective of 

the macrophage populations in vivo171. With the advance of single-cell RNA 

sequencing306 and fate-mapping techniques, their multi-dimensional 

heterogeneity was revealed (i) in a spectrum model of phenotype/activation307, 

(ii) with a finding of distinct cellular origins in organs308, (iii) with 

spatial/metabolic immune reprogramming in situ309, and (iv) the diversity 

between in vitro-polarised, mouse and human macrophages310, 311. 

1.4.1 Spectrum model of macrophage activation 

Due to the complexity of phenotype/activation status observed in macrophage 

populations that extended beyond the simplified M1/M2 system, subpopulations 

within the M2 phenotype have been proposed including M2a, M2b, M2c and 

M2d312 to specify different functional populations (Figure 1.4.1). M2a 

macrophages resemble the alternatively-activated M2 macrophages which are 

polarised with IL-4 and IL-13. These macrophages release high level of IL-10, 

TGF-β and are associated with type II inflammation, allergy and the killing of 

parasites313. M2c macrophages are polarised with IL-10, TGF-β and 

glucocorticoids, and have a similar cytokine release profile as the M2a 

macrophages but with an enhanced capacity in tissue remodelling, cellular 

matrix deposition313, 314 and phagocytosis315. The M2b population is activated by 

immune complexes (ICs), IL-1 and LPS which results in a similar characteristic 

as the M1 macrophages in IL-1β, IL-6 and NO production as well as CD86 

expression316, 317. However, these macrophages also exhibit an increase in IL-

10 expression and protect mice from LPS toxicity318, which put them within the 

broad M2 macrophage family. The M2d population is been described as a 

switch from a pro-inflammatory M1 to an angiogenic M2 phenotype, in an IL-6 

and adenosine-dependent manner319 (Figure 1.4.1). While the introduction of 

these in vitro-polarised macrophage subpopulations certainly assisted in the 

understanding of their heterogeneity, these subpopulations still fall short in 

precisely explaining the vast range of macrophage polarisation within tissues183.  
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In light of this, Xue et al. reported a spectrum model of in vitro macrophage 

activation/polarisation320 in 2014. Using non-supervised clustering methods to 

examine the transcriptomic patterns of human macrophages treated with 28 

combinations of stimuli, their results revealed a multi-dimensional model 

consisted of 9 unique clusters of transcriptional signatures. In 2017, using 

cytometry by time-of-flight (CyTOF), TAMs with substantial complicated 

compositions were described in human clear cell renal cell carcinoma321 and 

early lung adenocarcinoma322. These data suggest that the heterogeneity of 

TAMs not only existed within a terminal-differentiated macrophage population, 

but also could undergo dynamic in situ polarisation in different tumour 

microenvironments, as well as diverse cell origins (blood monocyte-derived or 

tissue-resident; further introduced in the following section). Using single-cell 

RNA sequencing techniques, rare macrophage populations have been identified 

in atherosclerosis323, cancers321, 322, 324, 325, and normal tissues326, 327. 

  

Figure 1.4.1 Polarisation spectrum of human macrophages 

GCs: glucocorticoids. IC: immune complex. LIF: leukaemia inhibitory factor. Mϕ: macrophage. 

TAM: tumour-associated macrophage. VEGF: vascular endothelial growth factor. Modified312 

from Schliefsteiner et al., Frontiers in Immunology, 2017. 
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1.4.2 Tissue macrophages of dual origins 

Macrophages are one of the gate-keepers of tissue homeostasis and are found 

in organs throughout the body328 (Figure 1.4.2). Distinct tissue-resident 

macrophages, including microglia (brain), Kupffer cells (liver), alveolar 

macrophages (lung), red pulp macrophages (spleen), intestine macrophages, 

Langerhans cells (skin), and heart macrophages have been identified328. These 

macrophages are important in the maintenance of our neuronetworks329, 

clearance of cellular waste disposals330, protection against microbial debris and 

bacterial endotoxins331, regeneration of red blood cells332, and the facilitation of 

electrical conduction in the heart333. For a long while, these tissue-resident 

macrophages were thought to be replenished solely by blood monocytes334, 335. 

It was not until recently that using cell fate-mapping technology, the “dual 

origins” of tissue macrophages’ embryonic precursors were identified336, 337 

(Figure 1.4.2 and Figure 1.4.3). 

 

Figure 1.4.2 Tissue macrophages and their origins 

HSC: hematopoietic stem cells. Modified338 from Epelman et al., Immunity, 2014. 

 

During mouse embryonic development, haematopoiesis takes place in the yolk 

sac where the first population of macrophage precursors appear (Figure 1.4.3). 

These macrophage precursors reside at the head region and then gradually 

migrate throughout the body via blood circulation. A second population of 
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precursors emerge days later within the foetal liver in a Myb-dependent 

manner336, and translocate and remain in the bone-marrow throughout life. The 

microglia originates primarily from the yolk sac whereas the majority of other 

tissue macrophages are from the foetal liver337. Importantly, microglia and 

Kupffer cells have been shown to self-renew in adulthood whereas other tissue 

macrophages, such as intestinal339, skin340 and heart macrophages, are 

replenished constantly by blood monocytes341. There are no stomach-specific 

macrophage populations identified to-date: the muscularis propria macrophages 

have been shown to assist in the emptying of the stomach, yet their origin and 

turnover in the adult tissue have not been well addressed342, 343.  

 

Figure 1.4.3 The dual origins of tissue macrophages 

X axis: days in embryonic development. EMPs: erythro-myeloid progenitors. Graphic abstract337 

from Hoeffel et al., Immunity, 2015. 
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In cancers, the tumour microenvironment has been shown to nurture different 

TAM populations with distinct roles in cancer development344, 345 (Figure 1.4.4). 

In a mouse pancreatic ductal adenocarcinoma model, TAMs of an embryonic 

origin were found to proliferate in situ and to exhibit a pro-fibrotic transcriptional 

profile indicating their roles in tissue remodelling and extracellular matrix 

formation346. In contrast, TAMs of hematopoietic stem cell (HSC) origin showed 

a higher expression in MHC molecules, IL-12, IFN-β and IFN-γ, enhanced 

antigen uptake and antigen presenting abilities as well as a lower PDL1 

intensity, suggesting a more immune-active phenotype. However, these 

monocyte-derived TAMs also expressed a higher level of IL-4 and lower CD40, 

indicating some immune suppressive properties suggestive of their spectrum of 

activation status346. Similarly, this difference in functionality between myeloid 

cells of different origins was observed in mouse lung cancer. Monocytes and 

monocyte-derived TAMs were multi-functional whilst the tissue-resident TAMs 

were mainly tumour promoting347, indicating distinct functionalities between 

TAMs of different origins.  

 

Figure 1.4.4 Opposed effects of macrophages on cancer progression 

HSC: hematopoietic stem cell. Graphic abstract346 from Zhu et al., Immunity, 2017. 
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When comparing TAMs in the human lung adenocarcinoma microenvironment 

to macrophages in normal lung tissue322, TAMs expressed high levels of CD14, 

CD64, CD11c, IL-6 and a lower CD86, suggesting an enhanced inflammatory 

but immunosuppressive phenotype. However, how these two populations 

existed within the tumour was not examined in the study. Lastly, locational 

difference of macrophages of different origins was observed in addition to their 

functional diversities. Foetal-derived mammary gland macrophages were 

characterised with active scavenging ability and displayed preferential peri-

ductal and perivascular localisation348. Microglia-related TAMs were found at 

the invasive front of mouse glioma while the blood-monocyte-derived TAMs 

resided at the intra-tumoural perivascular regions324.  

In summary, macrophages with different origins within the tumour 

microenvironment have been shown to exhibit distinct roles in the progression 

of cancers and contribute to another layer of complexity to their heterogeneity. 

Accumulating evidence has shown that understanding this diversity could assist 

in revealing their roles in cancer progression and in developing more precise 

therapeutic strategies344. 

1.4.3 Spatial and metabolic reprogramming of macrophages 

The phenotype and activation state of macrophages are fine-tuned by 

metabolites present in the tumour microenvironment309. Multiple metabolic 

polarisation niches have been identified for macrophages349 in addition to the 

iNOS/ARG-1 axis (Figure 1.3.1). 

During the in vitro polarisation of M2 macrophages with IL-4, fatty acid-related 

mitochondrial oxidative phosphorylation (OXPHOS) is required for their energy 

consumption350 through CD36 and STAT6-related pathways350, 351. Glutamine is 

largely consumed by M2 macrophages for the production of functional 

molecules352 and the inhibition of glutamine-synthetase skews M2-polarised 

macrophages toward the M1 phenotype353. Cancer-derived succinate has also 

been shown to polarise M2 macrophage which facilitates tumour metastasis354. 

M1 macrophages switch their source of energy to glycolysis355 for rapid 

response to signals and killing349. This process has been shown to be governed 
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by hypoxia-inducible factor 1 alpha356 (HIF-1α) and is required for the 

overexpression of glucose transporter 1 (GLUT1), PKM2357 and lactate 

dehydrogenase alpha (LDHA) which results in a lactate-associated environment 

and decreased pH358 (Figure 1.4.5). NO produced from active M1 macrophage 

has been reported to impair their mitochondrial functions as to prevent their 

repolarisation to the M2 phenotype359. However, in the late stage of M1 

macrophage activation, increased lactate was found to increase histone 

acetylation and promote the expression of M2-associated genes360, 361. 

 

 

Figure 1.4.5 Metabolic reprogramming of M1/M2 macrophages 

Different sources of energy supply employed by the M1 (blue) and M2 (green) macrophages. 1, 

3-BPG: 1,3-bisphosphoglycerate. 2PG: 2-phosphoglyceric acid. 3PG: 3-phosphoglyceric acid. 

α-KG: α-ketoglutaric acid. ArgI: arginase 1. Eno1: enolase 1. F-6-P: fructose 6-phosphate. F-1, 

6-BP: fructose-1, 6-bisphosphate. FAO: fatty acid oxidation. G-6-P: Glucose-6-phosphate. Glut1: 

glucose transporter 1. GPI1: Glucose-6-phosphate isomerase. HIF1α: hypoxia-inducible factor 1 

alpha. HK1/2: hexokinase 1/2. IDH: isocitrate dehydrogenase. iNOS: inducible nitric oxide 

synthase. LDHα: lactate dehydrogenase alpha. MCT4: monocarboxylate transporter 4. NO: 

nitric oxide. PEP: phosphoenolpyruvic acid. PFK1/2: phosphofructokinase 1/2. PGK1: 

phosphoglycerate kinase 1. PGM2: phosphoglucomutase 2. PKM: pyruvate kinase. SDH: 

succinate dehydrogenase. TpI1: triosephosphate isomerase. UDPGlcNAc: N-glycosylation-

essential uridine diphosphate N-acetylglucosamine. Image349 from Wang, Liu, Yu et al., Cancer 

Letters, 2019. 
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This metabolic reprogramming of macrophage phenotypes is also found in 

cancers349. Tumour cells were known to favour glycolysis over OXPHOS even 

in aerobic conditions, as described by the Warburg effect362. TAMs have been 

shown to migrate to hypoxic regions with tumours in a CCL2/CCL5/CSF-1-

dependent manner363, where they support tumour proliferation and promote 

angiogenesis364. Interestingly, the transformation of a CD206highArg-1low to a 

CD206lowArg-1high phenotype between normoxia and hypoxia was recently 

observed using an in vitro mouse macrophage cell line model. This process 

positively correlated with the lactate concentration in the surrounding media and 

was dependent on oxygen but not nutrients365 (Figure 1.4.6). Collectively, this 

evidence suggests that the spatial distribution of these presumably more 

immune suppressive macrophages (Arg-1high; as described in §1.3.1) was 

relevant to the diverse metabolic activities taking place within the tumour 

microenvironment (Figure 1.4.6). 

 

Figure 1.4.6 Metabolic reprogramming of macrophages in situ 

Modified309 from Hobson-Gutierrez and Carmona-Fontaine et al., Disease Models & 

Mechanisms, 2018. 



45 
 

1.4.4 Macrophages in non-infectious immunity and interaction 

with and other cells 

Our current knowledge of macrophage polarisation/activation is mainly based 

on their interaction with bacteria and pathogens366 and from in vitro culture 

systems171. Under a sterile inflammatory environment, such as cancers where 

the effect of foreign substances (e.g. LPS) on TAMs is limited, these responses 

may be different171. Indeed, while both LPS and IFN-γ were reported as 

mediators of M1 macrophage polarisation and similar responses on 

macrophages were observed, cellular signalling pathways triggered by these 

stimuli were not identical as separate or in combination320, 367. Macrophages 

primed with IFN-γ alone showed less production of pro-inflammatory cytokines 

(e.g. TNF-α, IL-6), whilst the IFN-γ and LPS-induced macrophages was found to 

selectively suppress TLR4-associated transcription (e.g. IL-10) resulting in a 

more severe and sustained inflammation368.  

During a sterile inflammation immune process, when stress or cellular damage-

associated molecular patterns (DAMPs) are identified, activation of the innate 

and adaptive immune system takes place369 (Figure 1.4.7). Long term IFN-γ 

production by Th1 cells can polarise macrophages into an M1 phenotype, 

compared to a more transient production of IFN-γ by the natural killer (NK) 

cells307. This M1 phenotype can be sustained by autocrine IFN-γ and co-

stimulation of IL-12 and IL-18370, 371 from other immune cells (e.g. Th1, 

macrophages, and dendritic cells). Pro-inflammatory M1 cytokines (e.g. IL-1β, 

IL-6, IL-23, TNF-α) could further contribute to the development of Th-17 cells372 

and the IL-17 producing CD8+ T cells373 which attracts more immune cells into 

the region to further promote tissue inflammation374. Following removal of 

DAMP signals, clearance of cell debris by macrophages leads to a production of 

TGF-β375, which enhances the resolution of inflammation and initiates wound 

healing. IL-4, produced by Th2 cells376, basophils, mast cells and 

granulocytes377, and IL-10 from regulatory T cells378 and B cells379, polarise 

macrophages into an M2-like phenotype for restoration of tissue homeostasis.  

Sterile inflammation has also been shown to drive GC development in a STAT1-

driven pro-tumourigenic manner. It was associated with the loss of NF-κB1 and 
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upregulation of PDL1 on the myeloid/epithelial cells and CTLA4/PD1 on the 

lymphocyte compartments380, 381.  

It remains unclear how this information applies specifically to macrophage 

polarisation in situ especially in the tumour where a dynamic mixture of different 

cytokines, chemokines and metabolites co-exist382. In addition, how the tumour 

microenvironments are being shaped by the different cell types and the 

interaction between GC and microbiome (§1.3.3) remains unclear. Hence, these 

challenges suggest that it would be beneficial to understand how these different 

immune cell populations are distributed and how they interact with each other 

and with the tumour cells in the tumour microenvironment. 

 

 

Figure 1.4.7 Sterile immune response 

DAMPs: damage-associated molecular patterns. DCs: dendritic cells. NK: natural killer. 

Image369 from Gong, Liu, Jiang et al., Nature Review Immunology, 2019. 
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1.4.5 Macrophage markers: Too similar and too different 

The similarities between the macrophage populations polarised in vitro and 

between macrophages of different origins383 is a huge obstacle for linking their 

counterparts in vivo384. To date, no exclusive markers are available to 

distinguish these populations, even those that are the best characterised. Arg-1 

expression can be found on both M1 and M2 macrophages but at different 

levels383, 385. IL-10, a cytokine highly-expressed by M2 macrophages, is also 

produced by M1 macrophages at lower levels as a self-protective mechanism 

for reactive oxygen species386-388. Therefore, increasing evidence suggests that 

to better describe a specific population of macrophages, using a combination of 

different biomarkers is required.  

The lack of similarity between in vitro-polarised and in vivo-characterised 

macrophages and between animal strains/species adds another layer of 

complexity and difficulty to understanding macrophage biology310. Firstly, the 

effect of a single agent on macrophage polarisation could be distinct in the 

presence of a secondary stimulus320. GM-CSF is commonly used to polarise M1 

macrophages171 as well as dendritic cells389. However, in combination with 

CCL18, macrophages were found to induce tumour cell EMT phenotype leading 

to tumour metastasis390. Importantly, the signalling feedback loops of the 

macrophages alone386 and with the other cell types391 could further complicate 

the dynamic of macrophage activation/polarisation within the tissues.   

In animal models, the M1/M2 polarisation was found more pronounced in 

C57BL/6 than in BALB/c mouse strain180, and multiple transcriptional 

differences were observed between different mouse strains regarding cell cycle, 

metabolic activity and immune response392. Moreover, human macrophage 

studies are complicated due to fundamental differences in comparison to mouse 

models393. While some conserved populations have been observed between 

the two species394, signature markers of mouse macrophages, such as the 

characteristic iNOS/Arg-1 of the M1/M2 polarisation are not relevant in 

humans311, 395. In active murine macrophages, NO and iNOS expression was 

found to increase along with a crucial cofactor tetrahydrobiopterin (BH4) which 

stabilised the iNOS enzyme, however, this is not observed in human 
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macrophages311. Arginase activity was not induced in human IL-4/13 treated 

macrophages396, 397. In addition, F4/80, a classic macrophage marker used in 

mouse studies398, is an eosinophil-specific receptor and is not expressed by 

human macrophages399. More recently, it was shown that human, unlike murine 

macrophages, do not to convert to glycolysis post LPS induction but rely on 

OXPHOS for energy supply400. E3 ubiquitin ligase, an enzyme that promotes 

the production of IL-1β in humans is not found in the mice401 and TAMs have 

been shown to exhibit distinct RNA profiles between human and mouse 

glioblastoma models402.  

To address these problems, nomenclature and experimental guidelines393, 403 

have been proposed which suggest reporting macrophage populations based 

on the conditions of which they were polarised or identified with instead of 

referring them as M1/M2s. This would assist in the reproducibility of the 

populations which fits into the spectrum model of the macrophage activation. 
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1.5 Remaining challenges and Thesis aims 

Accumulating evidence has shown that the complexity of macrophage 

population exceeds beyond the M1/M2 framework and that TAM heterogeneity 

is determined by their interaction with cytokines, chemokines and metabolites 

derived from the tumour cells, immune cells, other stromal cells and possibly 

between other TAM populations within the same milieu.  

Challenges remain regarding how well these findings can translate from in vitro 

to in vivo mouse models, to humans, to gastric cancer and eventually to clinical 

practice. In addition, due to the tissue-destructive nature of investigational 

methods (e.g. CyTOF, single-cell RNA-seq) used in previous studies, it is not 

well understood how the different TAM populations are distributed and 

interacted among themselves and with other cell types in situ. Whilst some data 

showed that the distribution of TAMs in specific tumour anatomic regions could 

be clinically-associated in GC216, 404, these studies were done using single or at 

most double-colour immunohistochemistry staining to identify macrophages 

which is now recognised as being inefficient to reflect macrophage 

heterogeneity. For these reasons, a careful reassessment of the role of 

macrophages and their clinical relevance in human gastric cancer is needed. 

To address these challenges, this Thesis aims to investigate the 

pathophysiology of TAMs in GC including: 

1. The spectrum model of TAMs 

2. The distribution of TAMs taking into account their spatial context with the 

tumour cells and the other immune cells 

3. The association of TAMs with the PDL1 expression, tumour 

microenvironment and clinical parameters 

4. The similarity between human TAMs and in vitro-polarised macrophages  
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Chapter 2 : Materials and methods 

2.1 MAUGIC cohort 

The Molecular Analysis of Upper Gastrointestinal Cancer (MAUGIC) cohort was 

used for the studies from Chapter 3 to 7. This cohort consists of samples 

collected from 250 potentially resectable gastric and oesophageal cancer 

patients from 1999 to present (from 1999-200968 for this study). Written 

informed consent was obtained from all patients prior to sample collection. All 

procedures were ethically approved by the Individual Review Boards of the 

Peter MacCallum Cancer Centre and each of the tissue collection centres. 

2.1.1 OPAL study cohort 

A subset of 56 GC specimens from the MAUGIC cohort were identified as 

candidates for multiplex IHC and are referred to as the OPAL study cohort. 

The criteria for selection were (i) availability of large and good quality formalin-

fixed paraffin-embedded (FFPE) tissue blocks of the primary cancer and (ii) 

comprehensive clinical information with at least 10 years follow-up data for 

survival analyses.  

2.1.2 MAUGIC-Affy cohort 

Ninety nine GC tissues (referred as the MAUGIC-Affy cohort) collected at the 

time of surgery were snap-frozen in liquid nitrogen and RNA was isolated with 

Trizol (Invitrogen) from the whole-tumour lysate using column chromatography 

(RNeasy, Qiagen). Microarrays were hybridised using U133+2 chips (Affymetrix) 

and scanned using the Genechip Scanner (Affymetrix) according to the 

manufacturer’s protocols. Data was submitted to Gene Expression Omnibus 

(GEO; Series GSE51105213).  

2.1.3 OPAL-Affy cohort 

The OPAL-Affy cohort consisted of 34 patients with both multiplex IHC cell 

density data and whole-tumour-derived Affymetrix gene expression data.  
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2.1.4 Patient exclusion criteria for survival analysis 

Overall survival (OS) was measured from the date of surgery to date of death of 

any cause. Relapse-free survival (RFS) was measured from date of surgery to 

date of first documented relapse. Within the OPAL study cohort, patients 

without cell density data within the tumour Core region were excluded from 

survival analysis. The Core was chosen as it comprises the majority of the 

tumour and because for some tumours, especially those with diffuse histology, 

tumour Edge and Margin were difficult to define. Three patients with known 

surgery-related deaths (within 100 days; sepsis, hyperkalaemia and pneumonia) 

and two with no recurrence data available were excluded from the OS and RFS 

analysis, respectively.  

An online GC database (KMplot405), which contains six GC cohorts with patients 

from different ethnicities, was used for OS analysis as an independent dataset. 

Due to lack of relevant data, no patients were excluded as a result of surgical-

associated death. The South Korean GC cohort available as part of the GC 

KMplot database (GSE62254), was analysed separately based on the authors 

recommendations. This is due to markedly different characteristics of this cohort 

(longer survival etc.) compared to the other cohorts. 

2.1.5 Classifications of cancer subtype and inflammation status 

Samples were classified histologically into intestinal, diffuse and mixed types9 

by an anatomical pathologist (Dr. Catherine Mitchell; C.M.). Samples were also 

classified molecularly based on the TCGA subtypes31. EBV burden was 

determined using in situ hybridisation (EBV Early RNA, Roche). IHC was used 

to identify MSI status with MLH1 (Leica, ES05, 1:50), PMS2 (Ventana, 

EPR3947), MSH2 (Ventana, G219-1129) and MSH6 (BD Biosciences, 44, 

1:800) staining. MSI samples show the loss of MLH1 and PMS2 expression and 

retain MSH2 and MSH6 expression. Patients with diffuse subtype but neither 

EBV nor MSI were assumed as GS68. The remaining samples were defined as 

“Others” and not CIN due to lacking supporting evidence. Degree of 

inflammation of each GC tissue was scored by C.M. and assessed based on 

the infiltration of immune cells406. 
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2.1.6 Cancer staging 

The most recent AJCC manual is the 8th edition69. For this study, the AJCC 6th 

edition67 is used for patient sample classification as this was the edition in use 

during the time of patient enrolment (from 1999-2009)68. 

 

2.2 Multiplex immunohistochemistry 

2.2.1 Staining 

Opal 7-colour kit (PerkinElmer, NEL811001KT) was used for multiplex IHC. 

4µm FFPE sections were dewaxed and rehydrated on TRAJAN series 3 slides. 

First round antigen retrieval was performed using a pressure cooker (EDTA pH 

8.0, 125°C, 3mins). Slides were cooled to room temperature (RT), washed with 

TBST/0.5% Tween (3 times, 3mins) and incubated with H2O2 (3%; 10mins). 

Slides were washed (3 times, 3mins) and blocked with blocking buffer (Dako, 

Glostrup, Denmark; 10mins). Primary antibody (prepared with 0.1% BSA, 1X 

TBS buffer) was applied and incubated at RT for 30mins. Slides were washed 

(3 times, 3mins) and an HRP-conjugated secondary antibody of the 

corresponding host species was incubated with the tissue (RT, 10mins). Slides 

were washed (3 times, 3mins) and TSA-dye was incubated with the tissue (RT, 

10mins).  Slides were washed (3 times, 5mins) and antigen was retrieved 

(EDTA, pH 8.0) using a microwave (100-150mW, 15mins). Slides were cooled 

to RT, washed (3 times, 3mins) and the staining procedure was repeated using 

different antibodies in the order listed in Table 2.2.1, Table 2.2.2, Table 2.2.3 

and Table 2.2.4. Following antigen retrieval of the final antibody, slides were 

washed (3 times, 3mins) and nuclei were stained with DAPI (PerkinElmer; 5 

mins). Slides were mounted with HardSet medium (Vectashield), coverslipped 

and sealed with nail polish. Anti-rabbit (PerkinElmer, NEF812001EA) or anti-

mouse (PerkinElmer, NEF822001EA) secondary antibodies were used where 

applicable. 

Four sequential sections of the same tissue blocks were stained with the (i) 

H&E, (ii) TAM, (iii) NOX2 and (iv) TIL panel, respectively.  
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Table 2.2.1 Multiplex tumour-associated macrophage (TAM) panel 

Antibody details 

Antibody Company Clone/Cat# Host Specificity Marker Location 

CD163 Cell Marque MRQ-26 Mouse Human 
M2-like 

macrophage 
membrane 

CD68 
Leica 

Biosystems 
514H12 Mouse Human pan-macrophage cytoplasm 

CD206 Abcam ab64693 Rabbit 
Human, 
murine 

M2-like 
macrophage 

membrane 

IRF8 Santa Cruz E-9 Mouse 
Human, 
murine 

M1-like nucleus 

PDL1 
Spring 

Bioscience 
SP142 Rabbit Human 

immune 
checkpoint 

membrane 

AE1AE3 
Leica 

Biosystems 
NCL-L Mouse Human pan-cytokeratin membrane 

DAPI PerkinElmer - - - - - - cell nucleus nucleus 

pSTAT6 Abcam ab28829 Rabbit 
Human, 
murine 

phospho-STAT6 cytoplasm 

Staining conditions 

Antibody TSA-dye Order Control Primary Ab* Secondary Ab* TSA-dye 

CD163 540 1 Liver 1:500 1:1000 1:50 

CD68 570 2 Liver 1:100 1:500 1:50 

CD206 620 3 Liver 1:6000 1:1000 1:50 

IRF8 650 4 Tonsil 1:3000 1:1000 1:50 

PDL1 520 5 Placenta 1:1000 1:1000 1:50 

AE1AE3 690 6 Skin 1:200 1:1000 1:50 

DAPI - - 7 N/A - - - - - - 

pSTAT61 520 5 Liver 1:100 1:1000 1:50 

 Ab*: antibody. 1: pSTAT6 was used in replacement of PDL1 as a different panel 

 

Table 2.2.2 Multiplex tumour-infiltrating T lymphocyte (TIL) panel 

Antibody details 

Antibody Company Clone/Cat# Host Specificity Marker Location 

CD3 
Spring 

Bioscience 
SP7 Rabbit 

Human, 
murine 

pan-T cell membrane 

CD8 ThermoFisher 4B11 Mouse Human cytotoxic T cell membrane 

CD4 
Spring 

Bioscience 
SP35 Rabbit 

Human, 
murine 

helper T cell membrane 

IRF8 Santa Cruz E-9 Mouse 
Human, 
murine 

interferon-
response 

nucleus 

FOXP3 BioSB BSB 6762 Rabbit Human regulatory T cell nucleus 

AE1AE3 
Leica 

Biosystems 
NCL-L Mouse Human pan-cytokeratin membrane 

DAPI PerkinElmer - - - - - - cell nucleus nucleus 

Staining conditions 

Antibody TSA-dye Order Control Primary Ab* Secondary Ab* TSA-dye 

CD31 520 1 Tonsil 1:500 1:1000 1:50 

CD81 620 2 Tonsil 1:200 1:500 1:50 

CD41 650 3 Tonsil 1:100 1:1000 1:50 

FOXP31 570 4 Tonsil 1:100 1:1000 1:50 

IRF8 540 5 Tonsil 1:3000 1:1000 1:50 

AE1AE3 690 6 Skin 1:200 1:1000 1:50 

DAPI - - 7 N/A - - - - - - 

 Ab*: antibody. 1: Conditions optimised based on Wang, 2019407 
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Table 2.2.3 Multiplex NOX2 panel 

Antibody details 

Antibody Company Clone/Cat# Host Specificity Marker Location 

CD163 Cell Marque MRQ-26 Mouse Human 
M2-like 

macrophage 
membrane 

CD68 
Leica 

Biosystems 
514H12 Mouse Human pan-macrophage cytoplasm 

CD8 ThermoFisher 4B11 Mouse Human cytotoxic T cell membrane 

NOX2 Abcam ab31092 Rabbit 
Human, 
murine 

gp91phox membrane 

PD1 BioSB EP239 Rabbit Human 
immune 

checkpoint 
membrane 

AE1AE3 
Leica 

Biosystems 
NCL-L Mouse Human pan-cytokeratin membrane 

DAPI PerkinElmer - - - - - - cell nucleus nucleus 

Staining conditions 

Antibody TSA-dye Order Control Primary Ab* Secondary Ab* TSA-dye 

CD163 540 1 Liver 1:500 1:1000 1:50 

CD68 570 2 Liver 1:100 1:500 1:50 

CD8 620 3 Tonsil 1:200 1:500 1:50 

NOX2 650 4 Liver 1:600 1:1000 1:50 

PD1 520 5 Tonsil 1:100 1:1000 1:50 

AE1AE3 690 6 Skin 1:200 1:1000 1:50 

DAPI - - 7 N/A - - - - - - 

 Ab*: antibody 

Table 2.2.4 Mouse multiplex TAM panel 

Antibody details 

Antibody Company Clone/Cat# Host Specificity Marker Location 

F4/80 
Cell 

Signaling 
D2S9R Rabbit Murine pan-macrophage cytoplasm 

CD206 Abcam ab64693 Rabbit 
Human, 
murine 

M2-like 
macrophage 

membrane 

Mitochondria Millipore     Human Mitochondria cytoplasm 

DAPI PerkinElmer - - - - - - cell nucleus nucleus 

Staining conditions 

Antibody TSA-dye Order Control Primary Ab* Secondary Ab* TSA-dye 

F4/80 570 1 Liver 1:400 1:1000 1:50 

CD206 620 2 Liver 1:10000 1:1000 1:50 

Mitochondria 650 3   1:500 1:1000 1:50 

DAPI - - 4 N/A - - - - - - 

 Ab*: antibody 

2.2.2 Tissue imaging and image processing 

Stained slides were imaged using a Vectra microscope (PerkinElmer, 

Massachusetts, USA). Whole slide scans were performed using the 10X 

objective lens and the regions of interests (ROIs) were identified with fixed-size 

stamps using the Phenochart software (PerkinElmer), based on the whole slide 

scan images. The smallest microscopy field available (1x1 [669x500 µm; 20X 

object lens] stamp) was used for the tumour Margin at the interface of the 

tumour and the adjacent normal tissue region. Regular field (2x2 [1338x1000 
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µm] stamp) was used for the tumour Core, Edge and for the adjacent normal 

tissue. All viable regions in each specimen were acquired with minimal overlap. 

Acquired images (Table 2.2.5) were analysed with the inForm software 

(PerkinElmer) for spectra-unmixing of fluorophores, tissue-component 

segmentation of tumour-cell (AE1AE3+) and stroma (AE1AE3-) regions and cell 

phenotyping for cells of interest.  

Table 2.2.5 Number of images per region of interest per patient sample 

Patient 
# 

Core Edge Margin Normal Total 
Patient 

# 
Core Edge Margin Normal Total 

497 43 8 46 5 102 5263 2 5 10 6 23 

513 25 18 0 23 66 5502 33 3 0 3 39 

514 36 0 0 0 36 6000 15 0 0 0 15 

1971 0 4 3 17 24 6765 18 8 17 4 47 

2173 20 0 0 5 25 6844 6 0 0 7 13 

2333 0 11 0 25 36 6848 0 8 10 9 27 

2433 5 5 10 4 24 6881 31 3 0 0 34 

2529 13 5 0 0 18 6932 0 10 10 0 20 

2655 9 0 0 0 9 6937 20 12 19 0 51 

2690 3 0 0 4 7 7136 8 0 0 4 12 

2692 8 5 15 16 44 7335 0 10 5 5 20 

2757 6 0 0 0 6 7419 25 0 0 0 25 

2804 7 0 0 0 7 7422 8 0 0 0 8 

2852 18 11 9 10 48 7424 14 8 10 5 37 

2906 13 4 0 3 20 7572 8 2 7 0 17 

3010 0 5 7 8 20 7632 0 7 0 4 11 

3062 17 8 0 0 25 7698 13 0 7 0 20 

3331 12 0 0 0 12 7868 12 0 0 0 12 

3376 25 3 8 3 39 7934 97 10 51 37 195 

3468 11 0 4 0 15 7945 9 0 0 0 9 

3710 19 0 0 0 19 7988 7 0 0 0 7 

3722 68 0 0 0 68 8138 0 0 7 0 7 

3958 18 18 17 8 61 8269 0 4 15 10 29 

4080 21 4 7 0 32 8693 10 0 0 0 10 

4088 24 0 7 5 36 8897 32 0 0 0 32 

4325 15 0 0 0 15 9445 4 0 0 8 12 

4715 20 0 0 0 20 9817 92 19 62 12 185 

4891 9 6 14 10 39 10574 0 4 9 0 13 

Sum 
Core Edge Margin Normal Total 

% 
Core Edge Margin Normal Total 

929 228 386 260 1803 51.5 12.7 21.4 14.4 100 

 

2.2.3 Cell phenotyping 

A cell was only able to be phenotyped if it demonstrated positive nuclear DAPI 

staining. In 4µm sections with cells around 10-20µm, it is easy to slice through 

the edge of a cell and to score a negative result while the cell is in fact positive. 
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In addition, all cytoplasmic and membranous staining was evaluated within 5-

10µm of DAPI. These approaches are used to minimise the scoring of markers 

adjacent to the cell nucleus can decrease the influence of macrophage 

dendrites. 

Density of cells in each ROI was calculated by combining the cell counts from 

all images and normalised by the total area (cell/mm2). 

 

2.3 Cell culture 

A luciferase tagged human gastric cancer cell line MKN45408 was cultured in 

DMEM base media with 10% (w/v) foetal bovine serum, penicillin (100 U/ml) 

and streptomycin (100 µg/ml; Invitrogen, Carlsbad, CA) and was maintained at 

37 °C in a humid incubator with 5% CO2.. 

 

2.4 In vivo experiment design 

2.4.1 Mice 

C57BL/6-Rag2<KO>γc<KO> mice (10-12 weeks) were bred and maintained 

under specific pathogen-free conditions in the Animal facility of the Peter 

MacCallum Cancer Centre. All experimental protocols were approved by the 

Animal Experimentation Ethics Committee (AEEC) of the Peter MacCallum 

Cancer Centre (E620).  

2.4.2 Macrophage depletion 

For depletion of all macrophages, clodronate-liposomes (Clodrosome®, 

Encapsula NanoSciences, Nashville, TN) were used. Depletion of CD206 

(mannose receptor)-expressing macrophages was achieved using 

mannosylated clodronate-liposomes (m-Clodrosome®, Encapsula 

NanoSciences, Nashville, TN). Corresponding clodronate-lacking liposomes 

(Encapsome®, Encapsula NanoSciences) or mannosylated liposomes (m-

Encapsome®, Encapsula NanoSciences) respectively were used as controls, 

1X PBS (without Ca2+ and Mg2+) was used as a negative control. 
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Mice were injected intraperitoneally (i.p.) with liposomes and PBS using 26G 

needles twice per week (3-4 day cycle). The weight, physical behaviour and 

condition of the mice were monitored daily. Antibiotics were i.p. injected during 

macrophage depletion period if necessary in signs of infection. Samples were 

collected at different time points to determine the depletion efficacy. Blood 

samples were collected on Day 3 and 10 post-drug injections (p.d.i.). Mice were 

anaesthetised with isoflurane, bled from the sub-mandibular vein approximately 

100µl per 25g mouse. Peripheral blood mononuclear cells (PBMCs) were 

isolated and stained for flow cytometry analyses. Mice were bled and culled on 

Day 7, 14, 21 and 28 p.d.i. and PBMCs and organs were harvested for flow 

cytometry and IHC analyses, respectively. 

2.4.3 Xenograft inoculation 

MKN45 cells (0.5×106) were harvested and resuspended in Matrigel (50µl; 

ThermoFisher). Surgical procedures were performed as described previously408. 

Briefly, mice were anaesthetised using i.p. injection of ketamine/xylazine and 

placed in a dorsal position. Carprofen was administered prior to surgery for pain 

relief. Fur around the surgical area was clipped and sanitised with Betadine. A 

5-10 mm incision was made through the skin and muscular layers. Forceps 

were used to expose the stomach. MKN45 cells were injected into the serosal 

layer of the stomach with a 28G insulin needle. The incision was sutured using 

the layered closure method.  

2.4.4 Immunohistochemistry 

Mouse stomachs were harvested, cleaned with 1X PBS (without Mg2+ and Ca2+) 

and fixed with 4% PFA for 48 hours. Stomachs were divided in half and 

embedded in paraffin in both flat and perpendicular orientations. Tissue blocks 

were sectioned at 4 µm and were stained for histopathology. Single-stained IHC 

with an anti-human mitochondrial antibody (1:500, Millipore) for 1 hour at RT. 

Slides were washed and incubated with anti-rabbit antibody conjugated with 

HRP for 30 mins. Slides were washed (3 times, 3mins) and visualised with DAB 

chromogen kit (Dako) for 5 mins. Slides were washed (3 times, 3mins) and 

counterstained with Meyer’s hematoxylin and multiplex IHC staining were 

performed as described in 2.2.1 with the antibodies in Table 2.2.4. 
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2.4.5 Invasion score 

Tumour sections with single-stained IHC for human mitochondria was used to 

determine the invasiveness of tumours. Invasion score (number 0; Figure 8.3.21) 

was defined as having tumour located solely within the serosa (S) layer. 

Tumours which had invaded through the muscularis mucosa (MM) but not yet to 

the mucosa (M) was defined as having score (1) and the tumour that invaded 

through the MM into the M was defined as having score (2). All tumours with a 

score of 1 and 2 were considered invasive. 

 

2.5 Flow cytometry  

2.5.1 Mouse peripheral blood mononuclear cell 

2.5.1.1 Sample preparation 

Blood samples were collected (§2.4.3) in 0.5M EDTA. Stock red blood cell 

(RBC) lysis buffer (555899, BD) at room temperature (RT) was diluted to 1X 

with MilliQ water and combined with blood at a ratio of 10:1. Samples were 

vortexed and incubated at RT for 15 mins in the dark. Samples were centrifuged 

(300g, 5 mins), and the pellets were washed twice with 2ml PBS-/- (1X, without 

magnesium and calcium; Mg2+ and Ca2+, respectively) then resuspended in 

FACS buffer (1mM EDTA, 0.1% Azide, 2% FCS mixed in 1X PBS-/-). 

2.5.1.2 Antibody staining 

Tubes were labelled for unstained, single-colour stained, fluorescence-minus-

one (FMO) controls (optional), and for full stained cocktail (excluding viability 

dye). Counting beads (TrucountTM tube, 340334, BD) solution was prepared 

with FACS buffer. Antibody mix was prepared using Counting beads solution 

with the dilutions listed in Table 2.5.1. Cell blocking buffer was prepared with 

FACS buffer, 0.5% BSA and 1:50 CD16/CD32 Pure 2.4G2 antibody mix 

(553142, BD). Full stained antibody cocktail was prepared in Brilliant stain 

buffer (563794, BD) if multiple BV dyes were used. 
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Equal volume of samples was distributed into each well of a 96 well plate. The 

plate was centrifuged (1400g, 2 mins), and the supernatant was discarded. 

Blocking buffer (35 µl) was added to each well and incubated on ice (10 mins). 

FACS buffer (150 µl) as added to each well, centrifuged (1400g, 2 mins), and 

the supernatant was discarded. Antibody mix (35 µl) was added to the well 

where appropriate and was incubated on ice (25 mins). 1X PBS (1mM 

EDTA/protein-free; 150 µl) was added to each well, centrifuged (1400g, 2 mins), 

and the supernatant was discarded. The samples were washed again and 1X 

PBS (1mM EDTA/protein-free; 100 µl) to single colour controls. Viability dye 

solution was added to the sample wells and incubated (10 mins). FACS buffer 

(150 µl) was added to each well, centrifuged (1400g, 2 mins), and the 

supernatant was discarded. Washing steps were repeated and 100 µl 

Cytofix/Cytoperm buffer (554722, BD) / 4% Paraformaldehyde (PFA; 30525-89-

4, Alfa Aesar) was added to each well and incubated (20 mins). FACS buffer 

(150 µl) was added to each well, centrifuged (1400g, 2 mins), and the 

supernatant was discarded. Washing steps were repeated and samples were 

resuspended in FACS buffer. 

For intracellular staining, samples were washed twice with 1X Perm/Wash 

buffer (554723, BD) after being stained with viability dye. Antibodies were 

prepared in 1X Cytofix/Cytoperm buffer, added to each well and incubated (25 

mins). Washing steps were repeated and 4% PFA (100 µl) was added to each 

well and incubated (20 mins). FACS buffer (150 µl) was added to each well, 

centrifuged (1400g, 2 mins), and the supernatant was discarded. Washing steps 

were repeated and samples were resuspended in FACS buffer. 
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Table 2.5.1 Mouse flow panel 

Company CAT No. Clone Mouse markers 
Fluoro 

-chrome 

Working dilution 

PBMC Tumour 

BD Biosciences 564225 30-F11 CD45 BV786 1:500 1:500 

BD Biosciences 563015 M1/70 CD11b BV605 1:400 1:400 

BD Biosciences 560596 AL-21 Ly-6C APC-Cy7 1:200 1:400 

BD Biosciences 560601 1A8 Ly-6G PE-Cy7 1:400 1:400 

BD Biosciences 565635 T45-2342 F4/80 BV480 - - 1:100 

BioLegend 139311 X54-5/7.1 CD64 BV711  - - 1:100 

ThermoFisher 12-1631-82 TNKUPJ CD163 PE  - - 1:200 

BioLegend 141704 C068C2 CD206 FITC  - - 1:100 

BioLegend 137008 FA-11 CD68 APC  - - 1:700 

BD Biosciences 564716 MIH5 PDL-1 BV421  - - 1:200 

BD Biosciences 564997 Fixable Viability Stain 700 1:1500 1:4000 

BD Biosciences 553142 Mouse CD16/CD32 Pure 2.4G2 1:50 

BD Biosciences 563794 Brilliant Stain Buffer 50µl per mix 

BD Biosciences 340334 Trucount Absolute Counting Tubes IVD 40µl / 1ml 

 

Table 2.5.2 Human flow panel 

Company CAT No. Clone Human markers Fluorochrome Working dilution (Tumour) 

BD Biosciences 561863 2D1 CD45 APC-Cy7 1:200 

BD Biosciences 560910 SK7 CD3 PE-Cy7 1:200 

BD Biosciences 560916 B159 CD56 PE-Cy7 1:200 

BD Biosciences 560911 HIB19 CD19 PE-Cy7 1:200 

BD Biosciences 562254 G10F5 CD66b PerCP-Cy5.5  1:200 

BD Biosciences 742642 ICRF44 CD11b BV786 1:200 

BD Biosciences 745150 10.1 CD64 BV605 1:200 

ThermoFisher A15723 GHI/61 CD163 APC 1:200 

BD Biosciences 551135 19.2 CD206 FITC 1:100 

BD Biosciences 556078 Y1/82A CD68 PE 1:200 

BD Biosciences 563738 MIH1 PDL-1 BV421 1:100 

BD Biosciences 564220 Human Fc Block Pure Fc1.3216 1:50 

BD Biosciences 564997 Fixable Viability Stain 700 1:2000 

 

2.5.2 Tumour samples 

Tissue Digestion buffer was prepared with penicillin and streptomycin (0.02 

ml/ml), collagenase IV (75U/ml), dispase (125 µg/ml), hyaluronidase (20 µg/ml) 

and DNAse I (0.1 µg/ml) in DMEM cell culture media (Gibco). 

Human or mouse tumour samples were washed briefly with 1X PBS-/-. For 

mouse stomach tumours the visible tumour region was located and non-tumour 

stomach tissue was discarded.  

Tumour was minced into smaller pieces using 2 scalpel blades (0206, Swann-

Morton) in a 5cm cell culture dish (ThermoFisher) and was transferred into 5ml 
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of preheated Digestion buffer (10ml tube, ThermoFisher). The tube was 

incubated in bacterial shaker (1500rpm, 37°C, 20 mins). The single cell 

suspension was filtered through a 70 µm strainer into a 5cm cell culture dish 

and the remaining tissue that did not pass through the filter was gently minced 

with a syringe plunger (TERUMO) within the dish. The filtered medium was then 

transferred into a 15ml tube through a 40 µm strainer and centrifuged (300g, 5 

mins). Cell pellets were washed twice with 1X PBS-/- and resuspended in FACS 

buffer (§2.5.1.1) for further staining (described in §2.5.1.2). If sample contained 

residual blood, RBC lysis steps were performed as described in 2.5.1.1. 

2.5.3 Mouse spleen 

Mouse spleen was removed and rinsed with 1X PBS-/-. The tissue was placed 

within a 70 µm strainer and put into a cell culture dish containing 1ml of 1X 

PBS-/- and was gently minced with a syringe plunger. The single-cell solution 

was then transferred into a 15ml tube through a 40 µm strainer and centrifuged 

(300g, 5 mins). Cell pellets were washed twice with 1X PBS-/- and incubated 

with 1 ml 1X RBC lysis buffer (10 mins, RT). Samples were topped up with 1X 

PBS -/-and centrifuged (300g, 5 mins). Cell pellets were washed twice with 1X 

PBS then resuspended in FACS buffer for further staining. 

 

2.6 Analysis 

2.6.1 Software and statistics 

inForm409 software was used to analyse the images acquired with the Vectra 

microscope. Image output from inForm showing the DAPI, AE1AE3, CD68 and 

CD163 or CD206 were validated with the Line profile function in ImagePro 

(Media Cybernetics) and with the 3D-density plot in ImageJ (Fiji Is Just ImageJ, 

FIJI). R software (version 3.3.1 for Windows) was used for the development of 

spatial distance analysis tool and for the interrogating the cell density 

information acquired with mIHC as well as the MAUGIC gene expression data. 

GraphPad prism version 7 and 8 (GraphPad Software, San Diego, USA) were 

used for statistical analysis. Reactiome410, 411, an online bioinformatics tools for 

pathway analysis was used for interpretation of gene lists. 
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Mann-Whitney’s U test (two-tailed), Wilcoxon matched-pairs test (two-tailed), 

Spearman and Pearson correlation, Chi-square analysis and Kaplan–Meier 

analysis (Log-rank, Mantel-Cox test) were used as appropriate with GraphPad 

prism version 7 and 8. P values lower than 0.05 were considered significant. 

Median value, non-parametric tests were used due to the non-Gaussian 

distribution of data.  

2.6.2 Distance analysis  

An Inter-cellular Spatial Analysis Tool412 (ISAT) was developed using the R 

software in collaboration with Dr. Minyu Wang and Dr. Yu Sun. In brief, cells of 

a given phenotype were used as reference cell to calculate its distance to the 

nearest cell of different phenotypes using the x and y coordinates from the 

inForm raw data. The calculations were done for all combinations of cell types 

within the raw data sheet and the nearest distance of each cell was 

documented.  

The effective density was calculated by using the number of cells within the cell 

type that fulfilled the distance criteria and normalized to the area of tissue (mm2) 

and the effective percentage of a cell type was determined by normalising the 

cell counts of effective density to the total number of cells in the corresponding 

cell type. 10µm (nucleus to nucleus) was defined as an estimated direct contact 

distance between the cells. 

2.6.3 R packages 

The “limma” package413 was used for normalising gene expressions of the 

MAUGIC-Affy cohort. “dplyr”, “rowr”, “gtools”, “reshape” were used for data 

manipulation of the inForm raw data. “rgl”, “plot3Drgl”, “gplots” were used for 

data visualisation.  
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Chapter 3 : Establishing a model for the analysis 

of cellular phenotype and spatial interaction 

using multiplex immunohistochemistry 

3.1 Introduction 

3.1.1 Tumour-associated macrophages 

Macrophages are one of the important components of the innate immune 

system166. Tumour-associated macrophages (TAMs) are abundant in GC216 and 

are characterised by their plasticity and multiplicity of functions189. The 

abundance of TAMs is commonly correlated with poor cancer patient survival; 

however, their contributions to survival in GC213, 216 are inconsistent between 

studies. This is possibly due to a range of TAM activation states and 

phenotypes and require further investigation. It is now recognised that TAMs 

are a mixture of different macrophages307. However, how these different 

macrophages populate in situ is not known mainly due to the limitation of 

technologies that have been used to facilitate these findings having a tissue-

destructive procedures320, 414, 415 (e.g. flow cytometry, single-cell RNA 

sequencing). To be able to focus specifically on the distribution of TAM 

populations in situ, the OPALTM multiplex immunohistochemistry409, 416 (mIHC) 

was selected as the method for this study. 

3.1.2 Multiplex immunohistochemistry 

The OPALTM mIHC is an advanced staining technology developed by 

PerkinElmer which allows the simultaneous co-staining of up-to seven markers 

on a single formalin-fixed paraffin-embedded (FFPE) tissue section. While the 

number of markers that can be used in a mIHC panel remains limited compared 

to using Flow cytometry417 or CyTOF321, 322, the technology’s strength is the 

ability to provide tissue-specific spatial data that allows transformation of a 

visual image into digital information. This digital information on individual cells 

allows for bioinformatic spatial analyses418. Given one of the major aims of the 

Thesis was to investigate heterogeneity of macrophages in the context of the 
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tumour microenvironment, mIHC provides a powerful tool to analyse TAMs in 

the different anatomical components of GC.  

3.1.3 Regions of interest 

TAMs are known to invade deep into the tumour Core and the hypoxic 

regions137, but are also found to be associated with high PDL1 expression 

within the stroma134 and with a stroma-related gene signature213, suggesting 

that locational differences between different TAM populations may be present. 

To perform TAM spatial comparisons, a serially sectioned tissue from each 

sample block was stained with haematoxylin and eosin (H&E) and reviewed by 

a pathologist to identify the interface of tumour and normal tissue, in addition,  

different regions of interest (ROIs) were defined within the same specimen 

(Figure 3.1.1). Adjacent non-tumour normal tissue (N) was identified as the area 

within the specimen that was free of tumour. Margin (M) was defined as a strip 

of area, approximately 0.5 to 1 mm in width, based on the limited size of the 

smallest microscopy field, located at the interface of the tumour site and normal 

tissue. Edge (E) was a region, approximately 1 to 1.5 mm in width (based on 

the size of the medium microscopy field), starting immediately adjacent to the 

Margin into the tumour. Finally, the remainder of the inner tumour region was 

defined as Core (C). There may be potential bias of this approach due to the 

fact that the tumour/normal interface was determined based on observer 

knowledge and due to technical limitations of the OPAL multiplex IHC platform. 

#497

Margin

Edge

Core

Normal

3 mm

Tumour

 

Figure 3.1.1 Defining regions of interest 

Representative H&E staining of a GC patient sample (#497). Dashed line: approximate 

boundaries of ROI. Size of each ROI was based on the limited size of the microscopy fields.  
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3.1.4 Spatial analysis 

Mixtures of TAM populations are known to co-localise in a shared tumour 

microenvironment419-421. However, their exact spatial relationship with each 

other and to the tumour cells are not known. Studies of spatial distribution of 

immune cells in the literature have been mainly focused on T cell populations 

and tumour cells using custom-built bioinformatic methods422. Therefore, taking 

advantage of the digital coordinate information from the mIHC platform, this 

Chapter aims to develop a bioinformatics tool to investigate TAM heterogeneity 

at a single-cell level.  

The spatial analysis tool developed in this study was based on methods 

described by Carstens et al, 2017422, Feng et al., 2017423, Lizotte et al., 2016424 

and on the PerkinElmer website. 

3.1.5 Selection of immunohistochemical markers 

A total of seven surface and intracellular markers were utilised for mIHC and 

are referred as the multiplex TAM panel. DAPI was used for staining cell 

nuclei425. AE1AE3 (pan-cytokeratin) was chosen to identify tumour cells of an 

epithelial origin426 and the immune-checkpoint marker PDL1 was included129. 

The remaining four markers, CD68, IRF8, CD206 and CD163, were selected to 

maximise the representation of macrophage phenotypes described in §1.4.1 

within the limitations of the OPAL system. 

CD68, or macrosialin, is one of the most well-established pan-macrophage 

markers427-429. It is a highly glycosylated protein that is predominantly expressed 

by mononuclear phagocytes430, 431. It is located on the surface of endosomes 

and lysosomes432 and on the cell membrane433. CD68 has been shown to be  

functionally associated with oxidised low-density lipoprotein deposition434, 

apoptotic cell clearance435, 436 and antigen processing437 but not directly to 

antigen presentation or its immune response429, 438.  

The interferon regulatory factor 8 (IRF8) was chosen as a marker for M1-like 

macrophages439, 440 which was shown to be upregulated in these macrophages 

after induction by LPS441 and IFN-γ442. IRF8 has been shown to drive 

macrophage differentiation443 and maturation444, enhance protective functions 
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against infections440, 445 and antigen-presentation446 and is associated with 

improved survival of patients with breast and renal cell carcinoma442, 447. 

The mannose receptor, CD206, is expressed broadly by the M2-like 

macrophages polarised with M-CSF, IL-4 and IL-13183, 448, 449, TAMs450 and 

certain dendritic cells451, 452. Tissue-resident macrophages453 (e.g. peritoneal, 

interstitial and alveolar macrophages) also express CD206 at different levels454. 

Functionally, CD206 is associated with phagocytosis455, antigen cross-

presentation451, 452, and the clearance of excess glycoproteins from the 

circulation456.  

Elevation of CD163 is more restricted to subsets of macrophages, especially 

the M2c population polarised with IL-10 but not with IL-4 and 13313, 457-459. 

CD163 is also a marker for liver-resident macrophage460 (Kupffer cells), peri-

vascular macrophages461 and for TAMs237, 462. Functionally, CD163 is a high-

affinity scavenger receptor targeting the haptoglobin-hemoglobin complex463 

and high mobility group box 1 (HMGB1) protein464, and acts as a sensor for 

bacteria465. Both CD206 and CD163 on macrophages can be cleaved from the 

cell membrane upon activation; therefore, soluble forms of these receptors have 

been proposed as biomarkers in pulmonary tuberculosis449 and liver cirrhosis460, 

respectively. 

3.2 Aims 

Aim 1: To optimise a multiplex immunohistochemistry panel for macrophage 

markers 

Aim 2: To develop a bioinformatic analytic tool which allows for the 

determination of spatial relationships between macrophages and tumour cells in 

the context of GC 

Aim 3: To define and validate bioinformatic criteria used for spatial analysis 

comparisons which reflect the visual co-localisation of the cells in an image  

Major findings on the characterisation of TAM populations from the Chapter 

have been published466. The manuscript is included as Appendix 1.  
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3.3 Results 

3.3.1 Cohort selection 

56 FFPE GC specimens from 56 different patients were selected from the 

MAUGIC cohort (see Section 2.1) representing known GC histological and 

molecular subtypes. These cases were also selected on the basis of: (i) 

availability of comprehensive clinical information and (ii) adequate tissue to 

allow good quality multiplex IHC staining. They will be referred to as the “OPAL 

study cohort”. All patients had undergone surgical resection and had at least 

10 years follow-up68. Figure 3.3.1 is a Consort diagram that outlines the 

selection of 56 patients that satisfied all the criteria to be included in the OPAL 

study cohort. (Figure 3.3.1 and Table 3.3.1). Potential bias may exist for the 

size of the study cohort; however, due to technical limitations, only a subset of 

patients of the MAUGIC cohort can be included for this approach.  

 

 

Figure 3.3.1 Consort diagram of OPAL study cohort 

  

MAUGIC Cohort :

FFPE patient tumour samples 

(n=250)

Quality samples stained with 

OPAL Multiplex IHC (n=66)

Exclusion Criteria:

1. Cancer subtype proportion 

representation

2. Small tissue size

3. No clinical information

4. Availability for IHC 

(n=184)

Serial sectioned HE viewed by 

pathologist (C.M.) (n=56)

Exclusion Criteria:

1. Tissue quality after 

staining (n=10)

Establishment of 

phenotyping algorithm 

(n=11)

Optimisation with an 

expended cohort 

(n=35, 11 included)

Phenotypic analyses across 

Regions of Interest / Clinical 

subtypes (n=56, 35 included)

Selection Criteria:

1. Large sample size

2. High TAM infiltrate

OPAL 

study cohort
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Table 3.3.1 Clinical and pathological characteristics of the OPAL study 
cohort 

Groups n % in cohort Groups n % in cohort 

Age 

40-49 5 8.93 

T stage 

T1 3 5.36 

50-59 16 28.57 T2 13 23.21 

60-69 12 21.43 T3 39 69.64 

70-79 16 28.57 T4 1 1.79 

80-89 6 10.71 

N stage 

N0 23 41.07 

90-99 1 1.79 N1 18 32.14 

Gender 
Female 20 35.71 N2 10 17.86 

Male 36 64.29 N3 5 8.93 

Histological subtype (Laurén) 

Intestinal 37 66.07 
M stage 

M0 53 94.64 

Diffuse 18 32.14 M1 3 5.36 

Mixed 1 1.79 

AJCC 6th 

AJCC 
1+2 

29 51.79 

Molecular subtype (TCGA) 

EBV 4 7.14 
AJCC 
3+4 

27 48.21 

MSI 9 16.07 

Recurrence 

Yes 30 53.57 

GS 17 30.36 No 24 42.86 

Other 26 46.43 ND 2 3.57 

ND: Not documented. Table from466. 

 

3.3.2 Multiplex immunohistochemistry panel optimisation 

Each of the selected macrophage markers in the mIHC panel was first 

optimised individually using appropriate positive controls (Figure 3.3.2A) to 

establish optimal antibody concentration (Table 2.2.1). For the purpose of 

multiplexing, markers were then assigned tyramide signal amplification (TSA)-

dyes of different wavelengths (Figure 3.3.2B) to avoid spectral overlap between 

targets located at same regions of the cells (Table 2.2.1 and Figure 3.3.2C). 

The quality of staining was further assessed using a separate image-analysis 

program (ImageJ; Figure 3.3.2D and E) and compared between different GC 

patient tissues to confirm that the final antibody panel selection and ordering 

were appropriate for the majority of tissues in the OPAL study cohort (Figure 

3.3.3). The optimised conditions for this panel are listed in Table 2.2.1 and a 

library containing a spectrum signature of each TSA-dye was built using the 

single-stained positive control tissues (Figure 3.3.2A; related to Table 2.2.1). 



69 
 

 

Figure 3.3.2 Optimisation of multiplex TAM panel 

(A) Single-stained IHC of multiplex TAM panel markers on corresponding control tissues. 

Cellular location of each marker is as labelled, related to Table 2.2.1. The same images were 

used for the establishment of a spectrum library of each TSA-dye. (B) Examples of spectrum 

library showing macrophage marker allocated on TSA-dyes of different spectral wavelengths 

with minimum overlaps. (C) Co-localised CD163+ (CD206-; left), CD163+CD206+ (middle) and 

CD206+ (CD163-; right) macrophages. 3D-marker intensity plots of (D) single-stained CD163 

and (E) CD206 from (C). Data analysed with inForm and ImageJ.   
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Figure 3.3.3 Optimised multiplex TAM panel 

Representative images of composite and single-stained multiplex TAM panel. Dashed line:  

interface of tumour Margin and adjacent non-tumour normal tissue.  
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3.3.3 Cell phenotyping 

A tissue section from each of the fifty-six selected GC cases (Table 3.3.1) was 

stained with the optimised multiplex TAM panel and imaged using the Vectra 

microscope. A total of 1803 high power images comprising 929 from the Core 

(52%), 228 from the Edge (13%), 386 from the Margin (21%), and 260 from the 

adjacent Normal tissue (14%) were acquired across the ROIs (Table 2.2.5). 

Images from eleven high quality, representative tissues within the OPAL study 

cohort were selected and spectrally-unmixed using inForm software (Figure 

3.3.1 and Figure 3.3.3). These images were then viewed thoroughly for 

establishing a supervised algorithm with inForm for subsequent tissue-area 

segmentation (Figure 3.3.4) and cell phenotyping based on the theoretical 

gating strategy derived from the literature for TAMs183, 417, 420 (Figure 3.3.5 and 

Figure 3.3.6). Tissue areas, including tumour-nest137 (AE1AE3+) and stroma 

(AE1AE3-), were segmented in each image (Figure 3.3.4).  

 

Figure 3.3.4 Definition of tumour-nest and stromal areas 

Representative H&E, single-stained IHC, and tissue-component segmentation of the same 

region analysed using inForm software. Figure from466. 

 

Twenty-four additional cases of the OPAL study cohort were then included for 

further optimisation of the algorithm. Finally, all fifty-six cases of the OPAL 

study cohort were analysed with the optimised algorithm on a case by case 

basis (Figure 3.3.1). Macrophages were first identified based on positive 

staining for the pan-macrophage marker CD68 and negative AE1AE3 staining 

(Figure 3.3.5A and Figure 3.3.6). With the unique co-expression of macrophage 

markers, seven major TAM populations were identified and characterised in GC 

using the gating strategy (Figure 3.3.5A). 

Tissue-component segmentation

Tumour-nest (T)

Stroma (S)

HE AE1AE3 / DAPI

Tumour-nest
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Macrophages were then further divided into subpopulations based on the 

positivity and intensity of other markers (Figure 3.3.5B and Figure 3.3.6). Two 

populations classified as ‘M1-like’ TAM populations were identified based on 

negative staining of CD206 and CD163 and five ‘M2-like’ TAM populations were 

also defined (Figure 3.3.5A and Appendix 2B). The CD68+ macrophages were 

only positive for CD68, whereas the CD68+IRF8+ TAMs were characterised 

with positive nuclear IRF8 staining (Figure 3.3.5C, Figure 3.3.6 and Appendix 

2A). CD68++CD163+ TAMs could be distinguished from CD68+CD163+ TAMs 

based on significantly different levels of CD68 expression (represented with an 

additional plus sign), and both were in the absence of CD206 (Figure 3.3.5 and 

Figure 3.3.7). Populations negative for CD163 staining were separated using 

differential CD206 expression into CD68+CD206++ and CD68+CD206+ (Figure 

3.3.5, Appendix 2C and 2D). The final CD68+CD163+CD206+ population 

expressed all three markers (Figure 3.3.5 and Appendix 2B). 

 

Figure 3.3.5 Seven predominant TAM populations in gastric cancer 

(A) Multiplex IHC TAM marker gating strategy of different cell populations. (B) Combined marker 

signature of each TAM population. (C) Representative images of predominant TAM populations. 

Numbers on the image correspond to the numbered cell populations in (A).  Figure from466. 
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The individual TAMs for all patients were plotted based on their CD68, CD163 

and CD206 intensities (Figure 3.3.8A) providing evidence of a spectrum of 

macrophages in three-dimensional space. The average intensity of each marker 

was determined on a per patient basis (Figure 3.3.8B) confirming that all seven 

TAM populations were represented within each individual patient specimen.  
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Figure 3.3.6 Representative images of cell populations defined with the 
multiplex TAM panel 

Yellow: IRF8, Green: CD68, Red: CD163, Orange: CD206, Magenta: AE1AE3, Cyan: PDL1, 

Blue: DAPI. Single-stained IHC colour: Blue: DAPI, Brown: Positive staining of markers as 

indicated (+). Relative intensity between cell types is represented (++). Scale bar: 10 µm. Image 

from466. 
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Figure 3.3.7 Distinguishing CD163+ (CD206-) M2-like TAM populations 

(A) Representative image of the CD68+CD163+ and CD68++CD163+ TAMs and marker 

intensity of CD68 and CD163 on TAMs analysed with the ImagePro software. Intensity of 

markers on numbered cells were plotted in the matched numbered plots. Red square: 

CD68+CD163+ TAMs, Green circle: CD68++CD163+ TAMs. X axis: Distance in pixels, Y axis: 

Intensity of marker. Colours in the plots: CD163 (red), CD68 (green) and DAPI (blue). Scale bar: 

100 µm. (B) Quantification of the maximum intensity of CD68 and CD163 expressed on the 

TAMs (n=20 for each population) in (A). Bar and error bars represent mean ± SD, Mann-

Whitney U test. Figure from466. Similar validation with ImagePro on the CD206+ (CD163-) TAM 

populations is provided in Appendix 2C and D.  
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Figure 3.3.8 Three-dimensional distribution of macrophage markers 

(A) Single cell intensity of individual cells (n=8.5×106 from 56 patients). (B) Average intensity of 

individual patient samples (n=35 with high quality Core region data). Figure from466. 
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3.3.4 Validation of cell phenotyping 

To validate the performance of the supervised inForm phenotyping algorithm 

across different patient samples and ROIs, 100 cells were randomly 

subsampled from the different TAM populations per patient within each ROI in 

the tumour regions (Core, Edge, and Margin) as a validation cohort. The 

subsampling was repeated 2000 times to create 2000 validation cohorts. Three 

different aspects were validated including (i) the “robustness” of the algorithm, 

(ii) the “number” of TAM populations identified with mIHC, and (iii) the 

consistency and reproducibility of TAM population using different methods. 

Firstly, the statistical robustness of the algorithm (Figure 3.3.9A) was examined 

by comparing the median TAM marker expression signatures of each TAM 

population in each patient per ROI in each validation cohort with the overall 

expression signature of the study cohort (Figure 3.3.5B) using Pearson 

correlation (p<0.05). The results showed that for each patient subsampled data, 

the robustness of TAM phenotyping was over 99% in the Core and Edge and at 

least 96% accurate at the Margin across repeated testing (Figure 3.3.9A). 

Secondly, the number of TAM populations identified with the multiplex TAM 

panel was assessed with an unsupervised clustering method using a subset of 

the subsampled validation cohorts (n=500 of the 2000). The “within group sum 

of squares” values of different ROIs were computed using the K-means 

unsupervised clustering method31, 467 (Figure 3.3.9B). According to the “elbow” 

method467 for clustering, the results showed that for all ROIs, the optimal 

number of clusters was between 5 and 7 (Figure 3.3.9B). This was consistent 

with the results from the supervised algorithm which identified seven 

predominant TAM populations.  

Lastly, the consistency and reproducibility of the TAM groupings were 

compared between the unsupervised (K-mean) clustering and the supervised 

(inForm) methods. The median marker expression signature of each cluster 

determined with the unsupervised method was compared (Pearson correlation) 

with the expression signature of TAM populations identified with inForm (Figure 

3.3.5B). TAM population was defined as “rediscovered” if the two signatures 
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significantly passed the correlation test (p<0.01). The rediscovery rate was 

calculated for each TAM population per ROI (Figure 3.3.9C). 

The results indicated that within the optimal clustering range (5-7), all TAM 

populations could be rediscovered, and could better describe the differences 

between marker signatures of the data compared to the use of 2-4 clusters 

(Figure 3.3.9C). However, due to the limited number of markers able to be used 

for multiplex IHC compared to flow cytometry and CyTOF, the unsupervised 

clustering method cannot clearly differentiate between the 

CD68++CD163+/CD68+CD163+ pair and the CD68+CD206++/CD68+CD206+ 

pair (Figure 3.3.10). This explains why seven TAM populations can be identified 

even when only 5-6 unsupervised clusters were used (Figure 3.3.9C). 

Nevertheless, using the gating strategy described with the supervised methods 

and with visual images (Figure 3.3.5), the data clearly showed that there were 

morphological, distributional and marker intensity differences between these 

TAM populations (Figure 3.3.5, Figure 3.3.6, Figure 3.3.7 and Appendix 2). 

When population of TAMs were restricted to be a specific location (Figure 3.3.7), 

it is reasonable to assume that these TAMs may have biological relevance. 

Collectively, the results from these analyses suggest that (i) the phenotyping 

robustness of the inForm algorithm was above 96% across different ROIs, (ii) 

the number of TAM populations characterised with the supervised method was 

within the optimal number of clusters defined by the unsupervised clustering 

method, and (iii) the distribution of TAMs should be taken into account when 

identifying TAM populations. This has often been ignored in other studies using 

unsupervised clustering methods based purely on expression of markers. 
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Figure 3.3.9 Validation of cell phenotyping robustness 

(A) Heatmaps representing the subsampling robustness of each TAM population per patient 

(bottom) across ROIs (Pearson correlation, p<0.05) compared to overall marker signatures in 

Figure 3.3.5B. Scale: Accuracy (%) out of 2000 repeats. (B) Theoretical optimal number of 

clusters defined with the “elbow” method of clustering.  (C) TAM population rediscovery-rate of 

randomly selected samples compared to inForm supervised phenotyping. Discovery-rate 

determined with Pearson correlation (p<0.01) comparing selected cells to the overall marker 

signatures in Figure 3.3.5B. Figure from466. 
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Figure 3.3.10 Pearson correlations between TAM populations 

Correlation of combined marker signatures of CD163+ (CD206-) and CD206+ (CD163-) TAM 

populations in Figure 3.3.5B. X and Y axis: marker normalised intensity. 

 

3.3.5 Distance analysis criteria and model setup 

In addition to comparing TAM composition between ROIs, an R software-based 

bioinformatic package (collaborations with Dr. Minyu Wang and Dr. Yu Sun) 

was developed to spatially resolve TAM heterogeneity at a cell-to-cell resolution.  

In brief, this package, termed “Inter-cellular Spatial Analysis Tool” (ISAT)412, 

extracts the x and y coordinates of each cell on an image, and calculates the 

distance of an individual cell of a cell population (reference cell, RC) to every 

individual cell in any other given population (nearest cell, NC) within the image 

(Figure 3.3.11A).  

The minimum nucleus-to-nucleus distance of the each RC to NC was 

documented and the median value of the minimum distance of each RC 

population (Figure 3.3.11B) was determined for all RC-to-NC combinations 

(Table 3.3.2). Median, but not average, distance was used for comparisons 

between RC populations due to the non-Gaussian distribution of the data 

(Figure 3.3.11C) and because the average could be affected by extreme values 

in this context. 
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Figure 3.3.11 Diagram of the spatial distribution analysis 

(A) Identification of the nearest neighbouring cell (NC) of each reference cell (RC). RC5 (yellow) 

is the NC for RC1 to 4, and RC1 (red) is the NC of RC5. (B) The minimum distance (each line) 

was calculated between each RC/NC pair and the median value of these minimum distances 

was identified as the “Median distance” of the cell population. (C) Non-Gaussian distribution of 

the distance data between RC/NC pairs. Y axis represents the probability density function 

calculated with the Kernel density estimation. Plotted with “ggplot2” in R plot.  

Table 3.3.2 Median distance between cell populations of the multiplex 
TAM panel 

Core - Median distance 
(µm) / 

Nearest cell 

Reference cell 

CD68+ 
IRF8+ 

CD68+ 
CD68+ 
CD163+ 

CD68++ 
CD163+ 

CD68+ 
CD206++ 

CD68+ 
CD206+ 

CD68+ 
CD163+ 
CD206+ 

AE1AE3+ 

CD68+IRF8+ -- 73.04 80.93 65.82 96.91 75.92 97.85 71.01 

CD68+ 15.95 -- 16.68 15.63 17.92 14.23 16.86 26.79 

CD68+CD163+ 49.23 42.8 -- 32.15 51.03 51.52 35.57 62.65 

CD68++CD163+ 37.52 40.59 29.52 -- 47.73 46.36 38.76 50.24 

CD68+CD206++ 41.92 32.91 37.25 38.3 -- 27.95 20.56 42.27 

CD68+CD206+ 56.66 51.31 55.23 56.29 55.78 -- 48.67 67.18 

CD68+CD163+CD206+ 47.63 35.62 25.12 34.95 24.71 30.29 -- 52.18 

AE1AE3+ 12.31 21.74 17.87 16.9 20.34 15.02 23.8 -- 

 Red / White / Blue: Smallest / Medium / Largest value of each row. 
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To define which cell type(s) should be referred to as reference and nearest cell, 

for the interest of this study and to fit the bioinformatics tool design, both tumour 

and TAM populations were used as RCs and NCs and the results were 

compared (Figure 3.3.12). The multiplex IHC images showed that certain TAM 

populations were preferentially located within specific tumour regions. If tumour 

cells were used as RCs, TAM populations located in different ROIs would still 

be identified as the NCs irrespective of their location (Figure 3.3.12A). This 

issue can be circumvented if the TAMs are used as the RCs, and takes into 

account the preferred location of the TAMs in the tumour microenvironment 

(Figure 3.3.12B). 

 

Core MarginEdge Core MarginEdge

Tumour cell IRF8+ Mϕ CD163+ Mϕ CD206+ Mϕ

Reference cell : Tumour cell

Nearest cell : Macrophages

Reference cell : Macrophages

Nearest cell : Tumour cell
A B

 

Figure 3.3.12 Reference and nearest cell population selection  

Dashed line and semi-transparent coloured area: distance with the nearest cell of each 

reference cell. Related to Figure 3.3.11A. 
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The correlations between cell density and the median distance of each cell 

population were investigated (Spearman correlation; Figure 3.3.13). TAMs were 

used as RCs as described in Figure 3.3.12, and their distance to the tumour 

cells (NCs) was calculated (Table 3.3.2). The results showed that there were no 

correlations between the density of RCs and their distance to NCs, suggesting 

that TAMs were not randomly distributed in the tumour microenvironment 

(Figure 3.3.13A and Figure 3.3.14). On the contrary, the tumour cell density 

negatively correlated with the minimum distance of every TAM population 

suggesting that there was no locational preference from the tumour cells (Figure 

3.3.13B and Figure 3.3.14). These results further support the decision of using 

TAMs as RCs rather than using the tumour cells for subsequent studies. 

 

Figure 3.3.13 Correlation of cell density and minimum distance  

Spearman correlation between the median distance of each TAM population (RC) to tumour cell 

(NC) and density of (A) corresponding TAM population and (B) tumour cell.  
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Figure 3.3.14 Schematic relationship of increased cell density with median 
distance between RC/NC  

Median distance reduces if the increase in RCs (pink; or NCs in green) were of random 

distribution and remains similar if the RCs (or NCs) were clustered. 
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Finally, to define a bioinformatic distance threshold for direct contact between 

RCs and NCs that could reflect the actual visual co-localisation of cells in an 

image, the distances of cells in direct contact were analysed with the ImagePro 

software (Figure 3.3.15). Cell pairs in direct contact were identified and the 

distance between the nuclei were labelled (1 pixel equals 0.5µm; n=20 pairs). 

The results show that the median direct contact distances in different ROIs were 

similar: approximately 8.5 µm with an upper 95% confidence interval at around 

9.5 µm. Based on this result, a 10 µm threshold between cells was defined as 

direct contact for the analysis.  

 

Figure 3.3.15 Defining direct contact distance criterion between cells 

Twenty cell pairs (as numbered) per ROI were randomly selected and were used to define the 

numeric distance of visual direct contact. Cells were identified visually with the ImagePro 

software and their distances in between were identified labelled (in pixel, 1 pixel = 0.5 µm). 

Statistical results are presented in the Table. 
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3.4 Discussion and Conclusions 

In this Chapter, an OPAL study cohort (n=56) was selected from the MAUGIC 

cohort and characterised using the multiplex TAM panel to reveal a high-

dimensional, non-linear spectrum model of TAMs in GC. Seven predominant 

TAM populations were first identified and characterised based on distinct 

expression of the markers using a supervised approach. This result was then 

tested with bioinformatic unbiased clustering methods and it was found that the 

robustness of the supervised method was above 96% accurate in all tumour 

regions (Core, Edge, and Margin) and that all TAMs were present in all patient 

samples. 

In this Chapter, the creation of a distance analysis tool (ISAT) was described. 

This was developed and used to validate the relationship between cell density 

and distance in FFPE tissue at single-cell resolution. The rationale for the use of 

TAMs as reference cells was outlined to investigate their relationship with 

tumour cells (defined as nearest cells). Distance of TAMs to tumour cells did not 

correlate with their overall densities suggesting that the distribution of TAMs 

was not random but clustered, which might be biologically relevant. A threshold 

of 10 µm was determined as the criterion to represent visual direct contact of 

cells observed on the image and will be used for further analyses.  

3.4.1 Summary 

In summary, this Chapter outlines the earliest part of the Thesis and describes 

the creation of platforms to enable objective analysis for use in subsequent 

Chapters that will investigate the spatial heterogeneity of TAMs in situ.   



85 
 

Chapter 4 : Spatial mapping of tumour-

associated macrophages 

4.1 Introduction 

It is now recognised that TAMs are comprised of a diverse population of 

macrophages189. However, it remains unclear if certain TAMs populated in 

specific regions of the tumour and how their spatial location and cellular 

interactions within the tumour microenvironment may be relevant to clinical 

characteristics and outcomes of GC patients. In addition, while TAMs have 

been shown to express high PDL1295, 468 and were correlated with the stromal 

PDL1-expressing patterns in GC134, it has not been investigated if PDL1 was 

associated with a specific TAM population(s). This may potentially be used as 

an alternative biomarker or more specific therapeutic target for future treatments, 

but has not been included in current clinical stratification130 of patients for 

immune checkpoint therapy126 .   

To explore these questions, in this Chapter aims to investigate the spatial 

distribution of the TAM populations (Figure 3.3.5) identified in the previous 

Chapter. The ISAT spatial method was utilised to measure the distribution of 

these TAMs to tumour cells in different regions of interest (Core, Edge and 

Margin; defined in Figure 3.1.1). In addition, PDL1 expression on each TAM 

population was determined per patient and at single cell level and was 

compared with proposed methods for defining PDL1-positivity in the literature. 

Finally, clinical parameters were tested with the TAM densities and also 

interrogated using both their PDL1 intensity and PDL1+ cell number. 
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4.2 Aims 

Aim 1: To compare the spatial distribution of TAM populations across different 

regions of interest, in relation to tumour cells and between TAM populations 

Aim 2: To investigate the PDL1 expression on different TAM populations 

Aim 3: To investigate clinical associations with TAM cell density, cell distribution 

and PDL1 expression 

Major findings on the spatial distribution and PDL1 expression of TAM 

populations from the Chapter have been published466. The manuscript is 

included as Appendix 1. 

 

4.3 Results 

4.3.1 Distribution of TAMs across different tumour regions 

To examine the distribution of TAMs in the GC microenvironment, the spatial 

density of the seven TAM populations identified in Chapter 3 (Figure 3.3.5) was 

analysed within different regions of interest (ROIs). A significant increase in the 

overall TAM density was found within the tumour (Core, Edge and Margin) 

compared to the adjacent non-tumour normal regions (Figure 4.3.1A). The 

TAMs exhibited a more M2-like phenotype at the Margin compared to a 

significant increased proportion of M1-like TAMs in the Core (Figure 4.3.1B). 

The distribution of each TAM population was explored (Figure 4.3.1C and D) 

and the CD68+CD163+CD206+, CD68+CD206++ and CD68+ macrophages 

were found to be abundant in all ROIs. However, given their dominant presence 

in the adjacent normal tissue (grey; Figure 4.3.1C), they are likely to be 

associated with the normal-tissue macrophages than tumour-associated 

macrophages. CD68+CD163+CD206+ macrophages accumulated at the 

Margin and decreased toward the inner Core. In contrast, the number of 

CD68+IRF8+ macrophages increased significantly from the Margin into the 

Core which contributed to the shift of the M1-like to M2-like ratio across these 

regions (Figure 4.3.1B and Appendix 1 Figure S3B). The higher densities 
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observed for the CD68+CD163+, CD68++CD163+ and CD68+CD206+ 

macrophages within the tumour compared to the normal tissue suggested that 

these populations may have been polarised by the local tumour 

microenvironment (Figure 4.3.1C and D). 

 

 

Figure 4.3.1 Distribution of overall macrophage across regions of interest 

(A) Overall TAM density (B) M1-like to M2-like TAM ratio. Core: n=46, Edge: n=30, Margin: 

n=26, Normal: n=28. (C) Each TAM population density. (D) Percentage of TAM populations in 

all TAMs. Box and whiskers represent mean ± 10-90 percentile. Each point represents one 

patient. Line represent mean of each TAM population. *p<0.05, **p<0.01 comparing between 

ROIs. Mann-Whitney U test. Figure from466. 
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The spatial relationship of TAMs with respect to the tumour-nest and stromal 

areas (defined in Figure 3.3.4) was further examined (Figure 4.3.2). The 

CD68+CD163+CD206+ macrophages were located primarily in the stroma of 

matched patient samples across different regions of interest. In contrast, 

CD68+IRF8+ macrophages, were not only more abundant in the Core than at 

the Margin (Figure 4.3.1D), but were preferentially located within the tumour-

nest than in the stroma (Figure 4.3.2). The CD68+CD206+ population was 

found to be specific to the tumour-nest area (Figure 4.3.2A) but was not related 

to different ROIs (Figure 4.3.2B).  

 

Figure 4.3.2 Distribution of TAMs between tumour areas across ROIs 

Density of selected TAM populations between the Tumour-nest and Stroma areas (A) among 

the ROIs and (B) in matched (dash line) patient samples. Mean ± 10-90 percentile. Each point 

represents one patient. *p<0.05, **p<0.01, ***p<0.001 and not significant (n.s.) comparing 

between ROIs. Mann-Whitney U test. Figure from466. 
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An analysis of TAMs in GCs of different histological subtypes indicated that a 

lower cell density was observed in the diffuse subtype compared to the 

intestinal subtypes (Figure 4.3.3A). Using the more recently described TCGA 

molecular subtypes (Figure 4.3.3B), cell density was found to be lower in the 

GS subtype in comparison to the MSI, EBV and Others subtypes (related to 

§2.1.5). Similar trends were observed in both tumour Core and Edge but not at 

the Margin, reflecting the locational preference of TAM populations across 

different ROIs (Figure 4.3.3). No other differences in TAM populations between 

the tumour-nest and stromal areas and between clinical parameters were found 

(Appendix 1Figure S3C and F). 

 

 

Figure 4.3.3 Density of TAM populations of different cancer subtypes 

Bar and error bars represent mean ± SD. Not significant (n.s.) comparing between cancer (A) 

histological and (B) molecular subtypes. Mann-Whitney U test. Figure from466. 
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4.3.2 Distribution of TAMs in proximity to tumour cells 

The observation that certain macrophages were enriched within specific tumour 

areas (Figure 4.3.2), indicated that the proximity of TAMs to tumour cells might 

influence their phenotype. To further study these localisation patterns404, 420, 422, 

the spatial bioinformatics tool, ISAT412, described in Chapter 3 was utilised 

(Figure 4.3.4).   

 

Figure 4.3.4 Schematic illustration of the spatial distance analysis 

Each reference cell (RC) was paired with a neighbouring nearest cell (NC) in 10 µm increments 

from its nucleus. Effective percentage represents the proportion of RC that had a paired NC in a 

given distance. Related to Figure 3.3.11. Figure from466. 

Distances between cells within the Core were analysed and the CD68+IRF8+ 

macrophages were identified as the closest population to the tumour cells with a 

median distance of 12.3 µm (Figure 4.3.5A). In contrast, the 

CD68+CD163+CD206+ macrophages were furthest from the tumour cells (23.8 

µm) and the other TAM populations located within this distance range. The 

distribution patterns of TAMs to tumour cells found at the Edge and Margin was 

then compared with the Core (Figure 4.3.5). The data showed that the median 

distance of TAMs to tumour cells at the Edge was very similar to the Core 

(Figure 4.3.5A and B). At the Margin, although the distance of TAMs to tumour 

cells were much further (Figure 4.3.5C and Table 3.3.2), the distribution 

patterns remain similar to those in the Core and Edge (Figure 4.3.5D). The 

CD68+IRF8+ macrophages remained the closest TAM population to the tumour 

cells (15.1 µm), followed by the CD68+CD206+ and the CD68++CD163+ TAMs. 

The CD68+CD163+CD206+ macrophages had the furthest median distance 
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from the tumour cells but were not different to the CD68+ and CD68+CD206++ 

TAMs as a population (Figure 4.3.5D). These data suggest that, although the 

actual distances between TAMs and tumour cells may be different across ROIs 

possibly due to the degree of immune infiltration, the distribution patterns of 

TAMs to tumour cells were similar between the Core, Edge and the Margin. 

 

Figure 4.3.5 Median distance of TAMs to tumour cell in regions of interest 

Median distance of TAM populations (RCs) to tumour cells (NCs) in the (A) Core (n=46), (B) 

Edge (n=30) and (C) Margin (n=26). (D) TAM populations, numbered as in (A), ranked by their 

distance to tumour cells in each ROI. Mean ± 10-90 percentile. Each point represents one 

patient. *p<0.05, **p<0.01, ***p<0.001 and not significant (n.s.) comparing between TAM 

populations. Mann-Whitney U test. Figure from466. 
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To incorporate both cell proximity and quantity, an “effective percentage” 

parameter was introduced (Figure 4.3.6A). Effective percentage represents the 

proportion of macrophages that had a tumour cell within a defined distance 

(Figure 4.3.4B). In the Core, significantly higher percentages of the 

CD68+CD206+ (31%) and the CD68+IRF8+ (27%) macrophages had tumour 

cells within a 10 µm radius (Figure 4.3.6A and Appendix 1, Figure S4B). The 

CD68+CD163+CD206+ macrophages were the least associated with tumour 

cells (12%) within this range. When the distance was extended to within 10-20 

µm, the CD68+IRF8+ macrophages (47%) remained the major population 

associated with tumour cells. The CD68++CD163+ macrophages (40%) were 

the next most abundant (Figure 4.3.6 and Appendix 1 Figure S4B) and the 

CD68+CD163+CD206+ macrophages remained the most abundant population 

beyond 20 µm from the tumour cell (Figure 4.3.6B). 

 

Figure 4.3.6 Effective percentage of TAM populations in the Core 

Effective percentage (A) within 10 µm increments and (B) within 0-20 µm. #: TAMs numbered 

as in (A) Mean ± 10-90 percentile. Each point represents one patient. *p<0.05, **p<0.01, 

***p<0.001 and not significant (n.s.) comparing between TAM populations. Mann-Whitney U test. 

Figure from466.  
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These results indicate that, despite being a large population within the tumour, 

the majority of CD68+CD163+CD206+ macrophages were located at a distance 

approximately 2-3 average cell-lengths (defined in Figure 3.3.15) from the 

tumour cells. The majority of the CD68+IRF8+ macrophages (78%) had tumour 

cells within 20 µm radius of their nucleus (Figure 4.3.6B). All TAM-tumour 

pairings peaked within 10-20 µm, a distance which would start to put cells into 

direct contact with each other. This suggests that this distance may be the zone 

for TAM polarisation or phenotypic change in situ, and could potentially be used 

as a threshold for partitioning the tissue for subsequent genomic/proteomic 

analyses.  

In summary, the data showed that major TAM populations differed 

phenotypically between the tumour and adjacent normal tissue (Figure 4.3.1). 

Similar phenotypic difference and distribution patterns were observed in 

macrophages that were more proximal to the tumour cells (Figure 4.3.5 and 

Figure 4.3.6) across the Core, Edge and Margin. 

4.3.3 Association of TAM populations and patient clinical 

outcomes 

The relevance of TAMs to relapse-free survival (RFS) and overall survival (OS) 

was assessed. Patients in the OPAL study cohort were grouped based on 

their TAM densities in the tumour Core. The Core was chosen as it comprises 

the majority of the tumour mass and also because some tumours, especially the 

diffuse GC, do not have a definitive Edge and Margin. In a univariate analysis of 

outcome, CD68++CD163+ TAMs were associated with improved RFS, but not 

OS (Figure 4.3.7A and Appendix 1 Figure S5D). While this was an interesting 

finding, this observation did not reach statistical significance after multivariate 

analysis incorporating known clinical prognostic factors (Table 4.3.1).  

The effective density (0-10 µm), which reflected the absolute number of 

macrophages that had a tumour cell within a 10 µm radius (defined as direct 

cell-to-cell contact in Figure 3.3.15 ), was used as a more refined measurement 

of potential contact-mediated function. The results showed that patients with a 

higher effective density of CD68++CD163+ macrophages had significantly 
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improved RFS and OS (Figure 4.3.7B) when compared to patients with lower 

TAM density. No other TAM population was found to be associated with patient 

survival (Appendix 1 Figure 4 and 5). 

There were no survival differences found if only proximity or cell proportion 

(median distance, effective percentage; Appendix 1 Figure S4C and 4E) but not 

cell number (overall density, effective density) was used for patient stratification. 

These data indicate that the influence of TAM on patient survival was relevant 

to both the number of macrophages and their proximity to tumour cells, 

suggesting that the spatial location of TAMs, in addition to their overall density, 

should be considered as a factor on survival.  

 

Figure 4.3.7 OS and RFS based on CD68++CD163+ TAM density 

(A) Overall density. (B) Effective density (0-10 µm) in the tumour Core. Effective density (0-10 

µm): the number of TAM that had a tumour cell within a 10 µm radius.  Upper tercile (density > 

2/3 of the patients in the cohort; red line). Lower tercile (density ≤ 1/3 of patients in the cohort; 

blue dash line). Log-rank (Mantel-Cox) test. Figure from466. 
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Table 4.3.1 Multivariate analysis of clinical parameters and 
CD68++CD163+ TAM density 

 Parameters Coefficients Standard error t Stat P-value 

Age -0.1145 0.0487 -2.3488 0.0246 

T Stage 0.3435 0.1202 2.8582 0.0071 

N Stage 0.3603 0.1460 2.4682 0.0186 

M Stage 0.2669 0.2248 1.1874 0.2431 

AJCC 6th -0.2682 0.1471 -1.8236 0.0768 

TCGA -0.5830 0.1275 -4.5720 0.0001 

CD68++CD163+ density -0.0921 0.0684 -1.3456 0.1871 

 Linear regression. Table from466. 

 

4.3.4 Co-localisation of TAM populations  

The heterogeneity of TAM populations within the same tumour 

microenvironment is well recognised137, 183, but their interaction has not been 

well described in GC. To understand the possible interaction between these 

macrophage populations, their density correlations within the tumour Core were 

investigated. The CD68+IRF8+ macrophages were significantly enriched in an 

environment with increased CD68++CD163+ and CD68+CD206+ TAMs, but 

negatively associated with the CD68+CD206++ and CD68+CD163+CD206+ 

TAMs. The CD68++CD163+ population further co-localised with the CD68+ and 

CD68+CD163+ TAM, which was, in turn, significantly correlated with the 

CD68+CD163+CD206+ population (Figure 4.3.9). Principal component 

analyses (PCA) was applied to interrogate these correlation patterns and the 

results indicate that, although the CD68+IRF8+, CD68++CD163+ and 

CD68+CD206+ macrophages co-existed within the same tumour (Figure 4.3.8), 

the two M2-like TAMs were more closely clustered than with the IRF8+ M1-like 

TAM (Figure 4.3.9A). Similarly, the CD68+CD206++ and the 

CD68+CD163+CD206+ macrophages clustered with each other rather than 

with the CD68+ TAMs (Figure 4.3.9A), even though all three populations were 

abundant across all regions of interest (Figure 4.3.1C). Collectively, these data 

suggest that the macrophage populations from each end of the broad M1/M2 

spectrum tend to relate more closely with each other, which may be related to 

the specific tumour microenvironment context of these TAMs (Figure 4.3.9). 

Interestingly, the CD163+ (CD206-) and the CD206+ (CD163-) TAMs were 

negatively correlated (Figure 4.3.8) and were located far apart (Figure 4.3.9B). 
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These results suggest that the environmental factors may be distinct and 

contribute to the polarisation of these TAM populations in situ.  
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Figure 4.3.8 Density correlations of TAMs in the tumour Core 

Red/White/Blue: positive/no/negative correlation. *: p<0.05, Spearman. Figure from466. 

Correlation coefficients are as labelled in each cell. 

 

Figure 4.3.9 Principal component analyses of TAM density in the Core 

(A) All seven TAM populations. (B) Collapsed M2-like TAM populations based on 

CD163/CD206 positivity. Figure from466. 
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4.3.5 PDL1 expression on multiplex IHC-characterised TAMs 

Anti-PDL1 antibodies have been assessed as a potential therapeutic for GC125 

and PDL1 expression was shown to be highly associated with the presence of 

TAMs in GC134.  

The data showed PDL1 was expressed by all TAMs (Figure 4.3.10A); however, 

the CD68+CD206+ macrophages exhibited a significantly higher mean PDL1 

expression per patient compared to the other populations (Figure 4.3.10B). It is 

recognised that the heterogeneous PDL1-expression pattern in the tumour 

microenvironment is dependent on cell location, cell density and intensity for 

each cell (Figure 4.3.10A). Therefore, PDL1 expression on the individual cells 

was analysed across all ROIs. It was observed that all cell types, including 

macrophages and tumour cells, had a proportion of high PDL1-expressing cells 

(Figure 4.3.10C).  

Using the mean PDL1 expression across individual cells in the cohort as a 

threshold of positivity, which corresponded to visible PDL1 staining of cells 

within the images (Figure 4.3.11A), 32% of all cells irrespective of cell types 

were identified as PDL1-positive (Figure 4.3.11B).  
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Figure 4.3.10 PDL1-expression in GC tissue and on TAM populations  

(A) Representative composite and single-stained IHC images. (B) PDL1-expression on each 

TAM population averaged per patient Core. Bar and error bars represent mean ± SD. Each line 

and point represents one patient (n=35). ***p<0.001 comparing between TAM populations. 

Mann-Whitney U test. (C) Single-cell PDL1 expression on cell populations. Figure from466. 
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Figure 4.3.11 Definitions of different PDL1 intensity criteria 

(A) Representative visual examples of different intensity criteria of the cells marked as red 

(highest Top 1% pf PDL1 expression), green (Top 10 %) and blue (above mean, 32%). Different 

criteria defined using single-cell PDL1 expression across all cell types in Figure 4.3.10C. Scale 

bar: 10 µm. (B) Equal number (104) of cells per patient (n=56, all ROIs included) were randomly 

selected to normalise between sample sizes. Cells were pooled as a sampling cohort and 

ranked via their PDL1-positivity from High (0%) to Low (100%). Distribution of PDL1-expression 

on individual cells in a sampling cohort regardless of cell types. 32% of total cells were defined 

as PDL1+ with the mean expression of the cohort. Top 1% and 10% of the cells with high PDL1 

expression are indicated. Figure from466. 

 

Whilst the total number of PDL1+ macrophages (regardless of population) was 

similar to the total number of PDL1+ tumour cells, the number of TAMs with 

PDL1 expression in the top 10% of expression was higher than tumour cells 

(Figure 4.3.11B, Figure 4.3.12A and B). A more detailed interrogation of the 

data identified three abundant PDL1+ TAM populations, namely CD68+, 

CD68+CD206++ and CD68+CD163+CD206+ (Figure 4.3.12A).To control for 

the differences in total cellular infiltrate (Figure 4.3.1C), the percentage of 

PDL1+ cells in each population was compared (Figure 4.3.12C). All three 

CD206+ TAM populations contained at least 36% of cells that were PDL1+ 

(Figure 4.3.12C). However, although the percentages of PDL1+ cells within the 

CD206+ macrophages were similar, the intensity of PDL1 was different (Figure 
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4.3.12D). CD206+ (CD163-) macrophages exhibited the highest PDL1 

expression, whereas the CD68+CD163+CD206+ macrophages were 

homogeneously distributed among different intensities. These results showed 

that the CD68-only (CD68+; high in number) and the CD206+ TAMs (high in 

number and percentage of cell type) were the main PDL1-expressing 

populations in our cohort. The high mean PDL1 expression on CD68+CD206+ 

observed per patient was due to having a larger proportion of PDL1+ cells 

(Figure 4.3.12C).  

 

 

Figure 4.3.12 TAM PDL1 status defined at single-cell level 

(A) Cell number and (B-C) percentage different PDL1 intensity-expressing cells in each cell type. 

(D) Cell number and percentage in each CD206+ TAM population. Bar and error bars represent 

mean ± SD of five subsampling cohorts described in Figure 4.3.11B. Figure from466. 
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To investigate the correlation of PDL1+ TAMs with different GC subtypes, TAM 

populations with the highest PDL1 intensities from each patient were identified. 

Top 1% PDL1 expression of the cohort reflects a strong visible PDL1 staining in 

our cohort (Figure 4.3.11) and is a similar selection criterion130 used clinically to 

determine patient PDL1-status. PDL1-high patients (n=44) were referred as 

having any TAMs represented in the top 1% of the total cell population (Figure 

4.3.11B) whereas the PDL1-low patients (n=12) had no TAMs expressing PDL1 

in the top 1%.  

Among the PDL1-high patients, the CD68+ macrophages were predominant in 

tumours of the GS and diffuse subtypes, whereas the CD68+CD206++ 

macrophages were enriched in the MSI/Others and intestinal subtypes (Figure 

4.3.13A and B). Additionally, TAMs in the GS and diffuse cancer subtypes had 

significantly lower median PDL1 expression (Figure 4.3.13C and D). Whilst 

significant association between PDL1+ TAM in GC subtypes was observed, no 

substantial survival differences using TAM-PDL1 intensities were found (Figure 

4.3.14). Indeed, PDL1 expression of each patient tissue was more predictive of 

its GC subtype than the TAM composition within (Table 4.3.2). 
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Figure 4.3.13 Relevance of PDL1-high TAMs between GC subtypes 

Predominant PDL1-high TAM populations between GC (A) molecular and (B) histological 

subtypes. Median PDL1 expression on TAM between GC (C) molecular and (D) histological 

subtypes. Box and whiskers represent mean ± 10-90 percentile. Each point/line represents one 

patient. *p<0.05, **p<0.01, ***p<0.001 comparing between TAM populations. Mann-Whitney U 

test. Figure from466. 
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Figure 4.3.14 TAM PDL1-intensity-stratified patient overall survival 

Upper tercile (density > 2/3 of the patients in the cohort; red line), Middle tercile (1/3 < density < 

2/3 of patients in the cohort; green line). Lower tercile (density ≤ 1/3 of patients in the cohort; 

blue line). Log-rank (Mantel-Cox) test. Figure from466. 

Table 4.3.2 Clinical parameters of TAM PDL1-intensity-stratified patients 

Median PDL1 
intensity Cancer subtypes (number of patients) TNM stages AJCC  6th 

stages 
TAMs Tercile Intestinal Diffuse 

+Mixed EBV+MSI GS 
+Others T3+T4 T1+T2 N2+N3 N0+N1 3+4 1+2 

CD68+ 
IRF8+ 

Upper 12 2 6 8 11 3 2 12 7 7 
Medium 7 8 1 14 9 6 5 10 6 9 
Lower 8 6 2 12 11 3 5 9 8 6 

X2 0.0817 0.0432 0.4329 0.3801 0.6496 

CD68+ 
Upper 12 2 6 8 10 4 4 10 7 7 

Medium 11 4 2 13 11 4 3 12 7 8 
Lower 4 10 1 13 10 4 5 9 7 7 

X2 0.0043 0.0451 0.9912 0.6397 0.9785 

CD68+ 
CD163+ 

Upper 12 2 6 8 10 4 3 11 6 8 
Medium 10 5 2 13 12 3 5 10 9 6 
Lower 5 9 1 13 9 5 4 10 6 8 

X2 0.0219 0.0451 0.6397 0.7731 0.5630 

CD68++ 
CD163+ 

Upper 12 2 6 8 10 4 3 11 6 8 
Medium 10 5 2 13 12 3 5 10 10 5 
Lower 5 9 1 13 9 5 4 10 5 9 

X2 0.0219 0.0451 0.6397 0.7731 0.2151 

CD68+ 
CD206++ 

Upper 13 1 6 8 10 4 3 11 6 8 
Medium 9 6 2 13 11 4 6 9 10 5 
Lower 5 9 1 13 10 4 3 11 5 9 

X2 0.0072 0.0451 0.9912 0.4329 0.2151 

CD68+ 
CD206+ 

Upper 13 1 6 8 12 2 4 10 8 6 
Medium 9 6 2 13 10 5 3 12 8 7 
Lower 5 9 1 13 9 5 5 9 5 9 

X2 0.0072 0.0451 0.3801 0.6397 0.4788 
CD68+ 

CD163+ 
CD206+ 

Upper 12 2 6 8 11 3 3 11 7 7 
Medium 9 6 2 13 11 4 5 10 9 6 
Lower 6 8 1 13 9 5 4 10 5 9 

X2 0.0614 0.0451 0.6950 0.7731 0.4230 
 X2: Chi-square test. Table from466. 
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4.3.6 PDL1 expression on fresh sample-isolated TAMs 

To validate the findings regarding high PDL1 expressions on CD68-only and 

CD206+ TAMs, fresh tumour biopsies (n=3 patients, 2-3 biopsies per patient) 

were obtained from GC patients undergoing surgery and were analysed using 

flow cytometry (Table 2.5.2 and Figure 4.3.15).  

The pan macrophage marker CD68 previously used in multiplex IHC was not 

ideal for use in FACS as staining intracellular markers requires fixation and 

permeabilisation of the cells to mediate interaction of the epitope and antibody. 

This would limit future functional experiments requiring viable cells (e.g. co-

culturing with tumour cells and T cells, single-cell RNA-seq). To circumvent this 

issue macrophages were defined as CD45+CD11b+CD64+ as a recognised 

group of markers specific for macrophages417 (Figure 4.3.15A). CD163 and 

CD206 were further used to subdivide the identified macrophage populations 

into different populations similar to those defined with the multiplex IHC 

approach. PDL1 was included in the flow staining panel and the median PDL1 

intensities on these TAM populations were compared (Figure 4.3.15B).  

PDL1 intensity was found to vary between patient samples (Figure 4.3.16A). 

Higher PDL1 expression was observed on the CD206+ (CD163-) TAM 

population (Figure 4.3.16B). This result showed that the CD163-CD206- (R6 

population; presumably the CD68-only TAMs identified with mIHC) and the 

CD163-CD206+ TAMs exhibited the most intense PDL1 expression (Figure 

4.3.12). Reassuringly, these data suggest that the findings were reproducible 

with different detection methods and confirmed the consistently higher PDL1-

intensities on the CD206+ TAMs compared to the CD163+ (CD206-) 

macrophage population.    
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Figure 4.3.15 Analysing macrophages using flow cytometry 

(A) Gating strategy used for Flow analysis. Gated based on non-stained negative control beads. 

(B) CD163/CD206 intensity classified TAM populations and combined marker signatures of 

each group. MFI: median fluorescence intensity. 



106 
 

0.0

0.5

1.0

3.5

4.0

Relative MedianFI - PDL1

%
 o

f 
in

d
iv

id
u
a
l 
m

e
d
ia

n

CD163

CD206

- -+ +
- +- +

*

0

500

1000

1500

4000
4500
5000

Individuals

CD163

CD206

- -+ +
- +- +

n.s.

0

500

1000

1500

4000
4500
5000

MedianFI - PDL1
M

F
I

CD163

CD206

- -+ +
- +- +

n.s.

A B

 

Figure 4.3.16 PDL1 median intensity on CD163/CD206 TAMs 

(A) Original PDL1 intensity of each patient. Dashed line: data of the same patient. (B) PDL1 

intensity of each patient sample normalised with the median intensities of all CD11b+CD64+ 

macrophages per patient (n=3). Bar and error bars represent mean ± SD. Each point represents 

one patient. *p<0.05 and not significant (n.s.) comparing between TAM populations defined in 

Figure 4.3.15. Mann-Whitney U test. Positive (+) and negative (-) represent positivity of the 

marker labelled. MFI: median fluorescence intensity. 

 

4.3.7 Marker expression on TAMs between the tumour-nest and 

stroma 

CD68-only and the CD206+ TAMs were identified as the populations with the 

highest PDL1 expression. Using the tumour Core as the region of interest, the 

distribution of TAMs regarding their PDL1 status was further assessed by 

comparing the expression changes of PDL1 on TAMs at the interface between 

the tumour-nest (T) and stroma (S) areas (TS; Figure 4.3.17 and Figure 4.3.18).  

The mean PDL1 expression defined the threshold for PDL1-positivity as 

described in Figure 4.3.12 and Figure 4.3.13A. Using these criteria, the level of 

PDL1 expression by tumour cells (AE1AE3+) was at the threshold and the other 

non-macrophage cells (Other) were negative (Figure 4.3.18). Most TAMs 

expressed PDL1 below this threshold in the stroma but showed a progressive 

increase of PDL1 with increasing proximity to the tumour cell. The PDL1 

expression on CD163+ and CD68+CD206+ macrophages were found to be 
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continuously upregulated as they became more embedded in the tumour-nest. 

The CD68+CD206+ macrophages were the only PDL1+ population detected in 

the stroma (Figure 4.3.18 and Figure 4.3.19A). A similar pattern of PDL1 

expression in other ROIs was observed and the lower PDL1 expression in the 

diffuse and GS cancer subtypes was confirmed (Figure 4.3.19B and C). 

 

 

Figure 4.3.17 Schematic model of marker intensities between the tumour-
nest and stroma 

Intensity change of markers between the tumour-nest (T) and stroma (S) areas was determined 

by randomly assigning equal number of cells (n=500, minimum number available between 

samples) from both areas per patient (within the Core). The intensity of the marker of interest 

was plotted with its mean value (red) and the 95% confidence intervals (grey). The interface 

between TS areas was defined as point zero, positive and negative values on the x-axis 

indicate the tumour-cell and the stroma region, respectively. Thresholds were applied to define 

the positivity of markers.  Quadrants: I: cell type A located in the tumour-nest and is positive (+) 

of the marker tested. II: stroma, positive. III: stroma, negative (‒). IV: tumour, negative. Figure 

from466. 
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Figure 4.3.18 Change in PDL1 expression with distance from the TS 
interface 

Threshold: mean PDL1 expression defined in Figure 4.3.11. Figure from466. 
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Figure 4.3.19 PDL1 expression on TAMs at the TS interface 

(A) PDL1High and PDL1Low samples grouped with the TAMs >Top1% of the OPAL study cohort 

and with (B) histological and (C) molecular GC subtypes. Figure from466. 

 

Markers expressed by macrophages are often functionally related to their 

activation status183. Therefore, the expression of CD68, CD163 and CD206 on 

each TAM population between the TS areas was compared using the mean 

expression of each macrophage marker of tumour (AE1AE3+) and non-

macrophage (Other) cells as baseline thresholds (Figure 4.3.20).  

The CD163+ and CD68+IRF8+ macrophages exhibited a minimal 2-fold 

increase in their CD68 expression between the TS areas and this was induced 

approximately 25 µm before engaging the TS interface (Figure 4.3.20A). The 
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CD206+ (CD163-) and CD68-only TAMs exhibited relatively little change. The 

results suggest that the CD163+ and CD68+IRF8+ macrophages may differ in 

their phagocytic abilities315, 429 compared to the CD206+ (CD163-) macrophages 

due to the differential expression of CD68 and that the induction of this marker 

does not require direct contact between the TAMs and the tumour cells. 

With increasing proximity to tumour cells, an increase in CD163 expression 

(measured by intensity) was observed in all CD163+ TAMs (Figure 4.3.20B). 

Interestingly, unlike CD68 and CD163, the expression of CD206 on each TAM 

population was not different across the TS areas and only the CD68+CD206++ 

macrophages showed a slight increase in expression within the tumour-nest 

Figure 4.3.20C). However, considering that the CD68+CD206+ TAMs were 

predominately located within the tumour-nest (Figure 4.3.2), these results 

suggest that the overall CD206 expression on the CD206+ (CD163-) 

macrophages (CD68+CD206++ and CD68+CD206+) decreased as they were 

more proximate to the tumour cells (or tumour-nest area).  

Surprisingly, the IRF8 expression on the CD68+IRF8+ macrophages decreased 

within the tumour-nest compared to those in the stroma Figure 4.3.20D). This 

may be related to distribution difference of the cellular source of IFN-γ (e.g. T 

cells), the more immune suppressive microenvironment near the tumour cells, 

or may indicate a transition from a CD68lowIRF8high into a CD68highIRF8low 

phenotype that is biologically relevant to their function required in different 

regions of the tumour (Figure 4.3.20A and D). Importantly, a higher PDL1 

expression was found on these intra-tumoural CD68+IRF8+ populations (Figure 

4.3.19). This result suggests that, despite the fact that the number and 

proportion of PDL1+ CD68+IRF8+ TAMs were the lowest among all TAMs 

(Figure 4.3.12B), their close proximity to tumour cells may confer 

immunosuppressive properties to other immune cells469, 470. IRF8 expression on 

all other TAM populations increased slightly when they were located in the 

tumour-nest, which may imply a certain degree of further maturation444 of these 

macrophages.  
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In summary, these data confirmed the plasticity of TAMs between tumour areas 

and showed that the proximity of TAMs to tumour cells was an important and 

definitive factor to their phenotypic differences. These results also revealed that 

although the classification of seven predominant macrophage populations were 

robust in a whole tumour setting, fine tuning of different markers on individual 

TAMs at a µm scale within each TAM population may be one of the reasons for 

the spectrum of phenotypes observed in situ. 

 

Figure 4.3.20 Change in macrophage marker expression with distance 
from the TS interface 

Cell types are as labelled and coloured. Thresholds: mean expression of (A) CD68, (B) CD163 

and (C) CD206 (D) IRF8 on the tumour and non-macrophage (Other) cells. Figure from466. 
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4.3.8 PDL1-positive cell density-stratified patient overall 

survival 

Patients were stratified based on the mean PDL1 intensity on TAMs defined in 

Figure 4.3.11 and no significant advantages in overall survival (OS) were 

observed between the different groups (Figure 4.3.14). This result is consistent 

with existing literature claiming that PDL1 was an imprecise marker of patient 

survival471, 472 and of response to checkpoint blockades125, 126. In addition, 

patient groupings using PDL1 intensity on TAMs were more predictive of GC 

subtypes (Table 4.3.2) and overall high PDL1 expression was particularly 

relevant to the EBV/MSI and Intestinal subtypes31, 473, 474.  

However, it is acknowledged that the intensity of a marker on FFPE tissues may 

vary between studies due to different tissue-fixation methods, antigen-retrieval 

processes, and concentration of antibody, as well as the staining methods used 

(multiplex or traditional IHC). Therefore, to be able to compare our findings with 

the literature, in addition to using PDL1 expression on TAMs (§4.3.5), the 

overall number of PDL1+ cells were used to investigate if it could be predictive 

of patient overall survival in our cohort. The survival data was interrogated 

based on the density of each cell type (Figure 4.3.21 to Figure 4.3.23), defined 

by different PDL1-positivity criteria (above mean, Top 10% and 1%; defined in 

Figure 4.3.11).  

Interestingly, the CD68+IRF8+ M1-like macrophages, which did not appear to 

have survival relevance when the PDL1 intensity on TAMs was used as a 

patient-stratifying factor (Figure 4.3.14), showed favourable survival predictions 

incorporating PDL1+ cell density regardless of which criteria were used (Figure 

4.3.21 to Figure 4.3.23). Given that the IRF8 and PDL1 can both be upregulated 

in response to IFN-γ exposure475, high numbers of PDL1+CD68+IRF8+ 

macrophages could possibly reflect an IFN-γ enriched tumour 

microenvironment. This may correlate with the survival advantage observed in 

patients with high non-macrophage (Other, negative of all markers; e.g. T cells) 

and the non-macrophage IRF8+ (CD68-IRF8+; solely positive of IRF8) cell 

populations (Figure 4.3.21 to Figure 4.3.23). The CD163+ TAMs also showed 

some favourable predictive value using different PDL1-positivity criteria, 
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especially the CD68++CD163+ population, which is already a predictor of 

improved relapse-free survival (RFS) regardless of its PDL1 status (Figure 

4.3.7).        

Mean PDL1 expression defined cell density (cell/mm2) - Core  - Overall Survival
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Figure 4.3.21 Overall survival based on TAM density (PDL1; Mean) 

Cell positivity was determined with the threshold of mean PDL1 expression of the OPAL study 

cohort (defined in Figure 4.3.11). Patients were then stratified into three groups using the 

number of PDL1 positive cells and overall survival was plotted. Upper tercile (density > 2/3 of 

the patients in the cohort; red line), Middle tercile (1/3 < density < 2/3 of patients in the cohort; 

green line). Lower tercile (density ≤ 1/3 of patients in the cohort; blue line). Log-rank (Mantel-

Cox) test. 
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Figure 4.3.22 Overall survival based on TAM density (PDL1; Top 10%) 

Cell positivity determined with the highest Top 10% of PDL1 expression for patient stratification 

as described in Figure 4.3.21. 
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Figure 4.3.23 Overall survival based on TAM density (PDL1; Top 1%) 

Cell positivity determined with the highest Top 1% of PDL1 expression for patient stratification 

as described in Figure 4.3.21. 
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When comparing the survival data to other clinical parameters between the 

patients with different PDL1+ cell densities in a univariate analysis, the 

separation of patients was highly associated with GC histological subtypes and 

in some cases with the molecular subtype (Table 4.3.3). It is well recognised 

that cancer subtype is a predictor of survival31, 213; and the results indicate 

clearly that the PDL1 expression in GC tissue was predominantly associated 

the cancer subtypes than the total density, PDL1 intensity, the density of PDL1+ 

TAMs and the presence of which TAM populations are in the tumour. 

Table 4.3.3 Clinical parameters of patients grouped with PDL1+ cells 

PDL1-expression stratified, Cell density-associated Overall Survival 
Clinical parameters Histological 

(Laurén) 
Molecular  
(TCGA) T stage N stage AJCC 6th 

Cell types Threshold Intestinal Diffuse 
+Mixed 

EBV 
+MSI 

GS 
+Others 3+4 1+2 2+3 0+1 3+4 1+2 

All cells 
Top 1% 0.022 0.045 0.640 0.304 0.215 
Top 10% 0.022 0.177 0.773 0.304 0.848 

Positive (<32%) 0.022 0.054 0.773 0.315 0.979 

AE1AE3+ 
Top 1% 0.022 0.020 0.991 0.240 0.215 
Top 10% 0.037 0.020 0.773 0.773 0.848 

Positive (<32%) 0.037 0.054 0.304 0.315 0.650 
CD68- 
IRF8+ 

Top 1% 0.007 0.177 0.433 0.380 0.979 
Top 10% 0.022 0.646 0.433 0.092 0.650 

Positive (<32%) 0.001 0.714 0.304 0.076 0.735 

Other 
Top 1% 0.004 0.177 0.433 0.991 0.848 
Top 10% 0.002 0.005 0.640 0.060 0.063 

Positive (<32%) 0.001 0.020 0.380 0.105 0.179 
Tumour-associated macrophages populations 

All 
macrophages 

Top 1% 0.022 0.045 0.640 0.304 0.215 
Top 10% 0.022 0.177 0.773 0.304 0.563 

Positive (<32%) 0.022 0.223 0.773 0.105 0.848 
CD68+ 
IRF8+ 

Top 1% 0.007 0.005 0.773 0.380 0.848 
Top 10% 0.007 0.005 0.695 0.380 0.423 

Positive (<32%) 0.022 0.045 0.315 0.240 0.848 

CD68+ 
Top 1% 0.002 0.177 0.991 0.060 0.063 
Top 10% 0.007 0.177 0.640 0.060 0.063 

Positive (<32%) 0.037 0.714 0.433 0.240 0.979 
CD68+ 

CD163+ 
Top 1% 0.061 0.054 0.695 0.695 0.650 
Top 10% 0.015 0.177 0.380 0.773 0.735 

Positive (<32%) 0.061 0.646 0.380 0.773 0.367 
CD68++ 
CD163+ 

Top 1% 0.007 0.020 0.773 0.380 0.735 
Top 10% 0.015 0.045 0.991 0.304 0.215 

Positive (<32%) 0.022 0.177 0.640 0.380 0.563 
CD68+ 

CD206++ 
Top 1% 0.004 0.177 0.773 0.304 0.063 
Top 10% 0.004 0.045 0.773 0.304 0.215 

Positive (<32%) 0.022 0.177 0.433 0.076 0.650 
CD68+ 

CD206+ 
Top 1% 0.022 0.005 0.640 0.380 0.011 
Top 10% 0.137 0.005 0.640 0.380 0.215 

Positive (<32%) 0.022 0.177 0.072 0.380 0.423 
CD68+ 

CD163+ 
CD206+ 

Top 1% 0.004 0.177 0.433 0.773 0.848 
Top 10% 0.002 0.177 0.122 0.773 0.479 

Positive (<32%) 0.022 0.301 0.773 0.315 0.650 
 P-value comparing between different patient groups (e.g. intestinal with diffuse) in each clinical 

parameter (e.g. of Histological GC subtype), determined with Chi-square analysis. 
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Lastly, given the high number of PDL1+ TAMs and PDL1+ tumour cells 

observed at single cell level (Figure 4.3.12), patients were stratified using 

different PDL1-intensity criteria on their PDL1+ cell populations (Figure 4.3.24A 

and B; defined in Figure 4.3.11).  

It was found that in patients with similar clinical parameters (Figure 4.3.24C), 

distinct primary source of high PDL1-expressing cells (AE1AE3+ tumour cells or 

CD68+ TAMs; Figure 4.3.24D) were observed. Patients with PDL1-expression 

from both tumour cells and TAMs were associated with improved overall but not 

relapse-free survival compared to the patients with PDL1-positivity from only 

tumour cells or TAMs (Figure 4.3.25).  

Interestingly, this patient grouping based on the primary source of PDL1 was 

independent of other clinical parameters (Table 4.3.4), including GC subtypes, a 

parameter which were identified to be related to the overall expression of PDL1 

in the microenvironment using PDL1+ cell intensity and density (Table 4.3.2 and 

Table 4.3.3). These data indicate that although GC subtype-associated PDL1-

positivity could reflect the overall immunity and the corresponding immune 

suppression, it was not determinant of which cell population to be PDL1 positive.  
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Figure 4.3.24 Cellular source of PDL1 in gastric cancer patients 

(A) Clinical parameters of patients in (B) and (C). (B) PDL1+ tumour cells and TAMs defined 

using the mean PDL1 expression of the OPAL study cohort. Threshold defined in Figure 4.3.12. 

(C) >Top 10% of PDL1+ cells. (D) Representative cellular profiles of patients with different 

sources of high PDL1-expressing cells. I: PDL1-negative patients. II-IV: PDL1-positive patients 

with PDL1 expressed by (II) both tumour cells (AE1AE3+; y axis) and TAMs (CD68+; x axis), (III) 

primarily TAMs and (IV) primarily tumour cells. 
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Figure 4.3.25 Survival based on PDL1 cellular source 

Cell positivity was determined with the threshold of mean PDL1 expression of the OPAL study 

cohort (defined in Figure 4.3.11 Patients were stratified into four groups (number of patients in 

black brackets) based on the categories defined in Figure 4.3.24D and their (A) overall and (B) 

relapse-free survival was compared. Group I: PDL1-negative (black). II: PDL1 expressed by 

both tumour cells and TAMs (green). III: PDL1 expressed only by tumour cells (blue). IV: PDL1 

expressed only by TAMs (red). Log-rank (Mantel-Cox) test. 

 

Table 4.3.4 Clinical parameters of patients grouped with PDL1 cellular 
source 

Group 
PDL1+ 

cell 

Cancer Subtypes 
 (number of patients) 

TNM Stages AJCC Stages 

Intestinal 
Diffuse 
+Mixed 

EBV 
+MSI 

GS 
+Others 

T3+T4 T1+T2 N2+N3 N0+N1 3+4 1+2 

I negative 4 7 1 10 7 4 3 8 3 8 

II T and M 9 4 3 10 8 5 3 10 6 7 

III T 12 3 5 10 13 2 4 11 9 6 

IV M 2 2 0 4 3 1 2 2 3 1 

Chi-square 0.1271 0.3311 0.4383 0.7687 0.2693 

T: AE1AE3+ tumour cell. M: CD68+ macrophage.  
Group I: PDL1-negative. II: PDL1 expressed by both tumour cells and TAMs. III: PDL1 expressed 
only by tumour cells. IV: PDL1 expressed only by TAMs. 
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4.3.9 Combined positive score of PDL1 

A Combined Positive Score (CPS) method was recently proposed to define the 

PDL1-postivity of tissues for treatment stratification130. This method, in addition 

to using just cell densities and PDL1-positivity as described in the sections 

above, defines the relative “balance” of immunity/immune suppression to overall 

tumour burden (Table 4.3.5). To investigate if CPS could add survival predictive 

value in our model, different scores for each patient were calculated and their 

overall survival data were interrogated. 

Table 4.3.5 Combined Positive Score (CPS) for PDL1-positivity 

Selection criteria PDL1-positivity PDL1+ cell of interest Comparing cells 

1%1 >Mean intensity (32%) All cell types Total cells 

CPS2 >Mean intensity (32%) All cell types Total tumour cells 

MIDS3 >Mean intensity (32%) TAMs and other cells Total tumour cells 

TPS4 >Mean intensity (32%) Tumour cells Total tumour cells 

CPS (Mean TAM) >Mean intensity (32%) TAMs Total tumour cells 

CPS (10% TAM) >Top 10% TAMs Total tumour cells 

CPS (1%TAM) >Top 1% TAMs Total tumour cells 

1: Current threshold for clinical definition of PDL1-positivity. 2: Combined positive score.  
3: Mononuclear immune cell density score. 4:Tumour proportion score130. 

 

First, different scores were compared between GC subtypes (Figure 4.3.26) 

which were identified as the major influence of their PDL1 expression in 

previous analyses. The results showed that the diffuse/mixed subtype had lower 

scores across all comparisons (Figure 4.3.26A) but it was not as definitive for 

the molecular GC subtypes (Figure 4.3.26B). Using a >1% threshold to identify 

PDL1+ tissues (standard threshold used in clinics), the results were consistent 

with our previous findings that the diffuse/mixed and GS GC subtypes had less 

PDL1+ cases in our cohort (Table 4.3.6). Interestingly, no survival relevance 

was found using different scores which aimed to define the “balance” in the 

microenvironment (Figure 4.3.27). One explanation may be that, although 

diffuse/mixed and GS cancer subtypes had relative lower CPSs, some patients 

characterised with elevated CPSs (Figure 4.3.26A) were not due to their higher 

number of PDL1+ cells but to their lower number of tumour cells (Figure 4.3.28). 

This suggests that using the “ratio” between cells as a patient stratification 

criterion was not ideal across all GC cases. 

https://ascopubs.org/doi/10.1200/JCO.2017.35.15_suppl.e14589
https://ascopubs.org/doi/10.1200/JCO.2017.35.15_suppl.e14589
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In summary, using both PDL1 intensity on cells and PDL1+ cell number, overall 

high PDL1 expression in the tissue was highly correlated with gastric cancer 

subtypes and was associated with improved overall survival in our cohort. 

However, these correlations may differ between cell types and also depend on 

which PDL1-positivity criteria were used. For survival prediction, PDL1+ cell 

density was a more informative measurement compared to using the intensity of 

PDL1 on cells or the ratios (or balance) between cell populations. This may be 

due to the variation between FFPE tissues and the lower tumour cell 

characteristic of the diffuse and GS subtypes, which normally have a shorter 

survival. 
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Figure 4.3.26 Combined positive scores between GC subtypes 

(A) Histological and (B) molecular GC subtypes. Bar and error bars represent mean ± SD. Each 

point represents one patient. *p<0.05 comparing between GC subtypes. Mann-Whitney U test. 
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Table 4.3.6 Percentage of PDL1-positive cases in cohort defined with 
different combined positive scores 

GC 
subtype 

n 

PDL1+ % in population 

1%1 CPS2 MIDS3 TPS4 
CPS 

(32% TAM) 
CPS  

(10% TAM) 
CPS 

(1%TAM) 

Intestinal 29 100.00 100.00 93.10 93.10 93.10 34.48 31.03 

Diffuse 17 70.59 82.35 82.35 76.47 82.35 17.65 5.88 

EBV 3 100.00 100.00 100.00 100.00 100.00 33.33 33.33 

MSI 8 100.00 100.00 87.50 100.00 87.50 50.00 37.50 

GS 15 66.67 80.00 80.00 66.67 80.00 20.00 6.67 

Other 20 100.00 100.00 95.00 90.00 95.00 25.00 30.00 

1: Current threshold for clinical definition of PDL1-positivity. 2: Combined positive score. 
3: Mononuclear immune cell density score. 4: Tumour proportion score. 
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Figure 4.3.27 Overall survival based on different combined positive scores 

Patients were stratified into three groups using different CPS criteria labelled on each column 

and overall survival was plotted. Upper tercile (density > 2/3 of the patients in the cohort; red 

line), Middle tercile (1/3 < density < 2/3 of patients in the cohort; green line). Lower tercile 

(density ≤ 1/3 of patients in the cohort; blue line). Log-rank (Mantel-Cox) test. 1: Current 

threshold for clinical definition of PDL1-positivity. 2: Combined positive score. 3: Mononuclear 

immune cell density score. 4: Tumour proportion score. 



122 
 

In
te

st
in
al

D
iff
us

e
E
B
V

M
S
I

G
S

O
th

er
s

0

2000

4000

6000

8000

AE1AE3+ Tumour cell

c
e
ll
/m

m
2

** *

*

 

Figure 4.3.28 Tumour cell density between different GC subtypes 

Bar and error bars represent mean ± SD. Each point represents one patient. *p<0.05, **p<0.01 

comparing between GC subtypes. Mann-Whitney U test. N: Intestinal (29), Diffuse (17), EBV (3), 

MSI (8), GS (15), Others (20). 

 

4.4 Discussion and Conclusions 

In this Chapter, the anatomical distribution of the seven TAM populations 

described in the previous Chapter was investigated in detail and a spatial 

spectrum model of TAMs in GC was established. TAM heterogeneity was 

displayed not only at mm scale between the tumour and non-tumour regions, 

but also at µm scale in proximity to tumour cells. The relative increase or 

decrease of macrophage markers on individual TAMs between different regions 

could be contributed to the presence of the spectrum of macrophage 

phenotypes (Figure 4.4.1), possibly related to the metabolic activities in the 

corresponding tumour-related regions309, 365 and the cytokine diffusion distance, 

which shows the effective range of these cytokines, within the tissue476-478. 
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Figure 4.4.1 TAM density and intensity distribution between tumour 
locations  

The distribution of TAM density between tumour/non-tumour regions and 

between tumour-nest/stroma areas were similar, which was related to an overall 

decrease of CD206 and an increase of CD68, IRF8 and CD163 expression on 

TAMs when more proximate to tumour cells (Figure 4.4.1A and B). However, 

these changes were not uniformly present in all TAM populations but were 

restricted to certain subpopulations (Figure 4.4.1C). An inverse trend of CD68 

and IRF8 intensity was found on the CD68+IRF8+ TAMs, which were 

predominantly located within the tumour Core, particularly within the tumour-

nest. The CD163+ TAM populations (CD68+CD163+, CD68++CD163+ and 

CD68+CD163+CD206+) behaved similarly in that both CD68 and CD163 

expression increased on these TAMs when nearing the tumour cells. 

Interestingly, a negative correlation between the CD163+ (CD206-) and the 

CD206+ (CD163-) TAMs was found, suggesting that the environmental factors 

which polarised these M2-like marker-expressing macrophages may be distinct. 

The PDL1 expression pattern displayed in the tissue correlated with the 

distribution of TAMs (Figure 4.4.1A) and the CD206+ TAMs were identified as 
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the population with the most intense PDL1 expression. However, survival 

analyses showed that the PDL1 status of patients was predominantly influenced 

by their cancer subtype, some with the density of different TAM phenotype and 

certainly not with the “ratio” between cells. The previously published CPS130 

method was not informative in predicting patient OS in our cohort. However, this 

result indicates that, unlike the commonly used “cytotoxic/regulatory T cell” ratio 

for interrogating patient survival479, 480, which represents the balance between 

anti-tumour/anti-immune activities, CPS with PDL1 was more complicated. 

While PDL1 expression on a range of cell types represents the existence of 

immune suppression, it can be induced by IFN-γ which reflects an active 

immune response within an immune-escaped tumour microenvironment. 

Therefore, due to this complexity in interpreting the actual influences of PDL1 in 

the tissue, identifying the cell origin of PDL1 expression would be important. In 

addition, given that the CPS was designed to stratify and evaluate patient 

responses to immune checkpoint blockade, it will be interesting to test if CD206 

and/or CD68 plus PDL1 could confer better stratification and prediction of 

response compared to using CPS alone if a cohort of anti-PD1/PDL1 treated 

patient becomes available. These therapies are not yet government subsidised 

for gastric cancer patients in Australia. 

The finding of the multiplex IHC was validated with flow cytometry with fresh 

human GC biopsies. This result suggests that 1-3 randomly acquired biopsies 

from GC patients contained sufficient material for the determination of PDL1 

status on TAMs. More importantly, the reproducibility of the results between 

different methods indicates that a rapid PDL1-status check may be performed 

clinically given it takes only three hours to measure PDL1 by flow cytometry 

compared to days to measure with multiplex IHC. 

Potential bias may exist with this relatively small and subjectively selected 

OPAL study cohort, especially when compared with clinical parameters. 

However, including other unused cases from the MAUGIC cohort would not 

improve the power of the study due to the lower quality of tissue, lack of 

suitability for performing mIHC (ethanol fixed tissues are not applicable) and the 
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lack of comprehensive clinical information. Other cohorts or methods will be 

needed to validate the findings from this study. 

4.4.1 Limitations 

The sensitivity and specificity of the antibodies are limiting factors in mIHC-

based studies. Whilst CD68 is a recognised mononuclear phagocyte marker, 

low CD68 expression can also be found on cell types such as fibroblasts and 

endothelial cells429, 481 and the performance of the antibody may differ between 

antibody clones482. As a result, the CD68-only population referred to in this 

study is likely to contain a proportion of non-macrophage cells of different cell 

origins; therefore, limited conclusions were made on this population of cells. In 

addition, PDL1-positivity may differ between different antibody clones129. It was 

shown that different PDL1 antibodies exhibited huge differences in sensitivity 

towards both tumour cells and immune cells under similar staining conditions129. 

This provided the rationale for not only defining PDL1 expression with an 

arbitrary threshold but to analyse the intensity of staining of individual cells as 

shown in this study. 

4.4.2 Summary 

In summary, the results in this Chapter clearly demonstrate TAM spatial 

heterogeneity at both macro- and micro level. The distribution of TAM in situ 

was not random but was highly associated with their relative distance to the 

tumour cells. The CD68++CD163+ TAMs were associated with a favourable 

prognosis of the patients, and both cell number and proximity of TAMs to 

tumour cells were important. The CD68-only and CD206+ TAM populations 

were associated with high PDL1 expression in our cohort. However, the overall 

PDL1 status of each sample was more associated with the cancer subtypes 

than the presence of macrophage subpopulations.  

Collectively, the data in this Chapter highlight potential influences of tumour 

microenvironment on TAM heterogeneity in gastric cancer, both phenotypically 

and presumably functionally. Therefore, the data indicate that to decipher the 

complicated TAM composition in situ, a more detailed interrogation of the 

tumour microenvironment was required.   
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Chapter 5 : Transcriptomic landscape of tumour-

associated macrophage 

5.1 Introduction 

In the previous Chapter, the distribution of TAMs was identified as relevant to 

an overall decrease of CD206 and an increase of CD68, IRF8 and CD163 

expression on TAMs when more proximate to tumour cells. In addition, while 

the CD68-only and CD206+ TAMs were identified as the TAM populations with 

the highest correlations with strong PDL1 expression, the PDL1 status of 

patients was predominantly influenced by their cancer subtype. These results 

highlight the importance of understanding the different tumour 

microenvironment which may contribute to TAM heterogeneity in GC. 

Environmental factors derived from the tumour cells, immune cells, and other 

stromal cells in the tumour microenvironment are known to contribute to the 

dynamic process of macrophage polarisation in vivo365, 483. In this Chapter, to 

investigate this in the human GC setting, environmental gene signatures for 

each TAM population identified with multiplex IHC were derived using the 

matched cell density and Affymetrix gene profiling data from the same patient. 

These gene signatures were further interrogated with pathway analysis 

methods to decipher the complicated TAM composition in situ, to understand 

what cell types or signals might be driving the polarisation of TAMs in complex 

milieu, and to define possible factors that may be related to the differences 

between different TAM populations identified using multiplex IHC. 
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5.1.1 Resources 

(A) OPAL study cohort (n=56): defined in Chapter 3 

(B) MAUGIC-Affy cohort (n=99): whole tumour-derived Affymetrix gene 

profile obtained at the time of tissue collection 

(C) OPAL-Affy cohort (n=34): overlap between the (A) and (B) 

 

Figure 5.1.1 Defining different resource cohorts 

Described in Materials and methods (§2.1). 

 

5.2 Aims 

Aim 1: To generate an environmental gene-signature of each TAM population 

characterised in this study  

Aim 2: To compare the gene-signature between multiplex IHC-characterised 

TAM populations with in vitro-polarised macrophages 

Aim 3: To investigate the influence of the TME on TAM polarisation in situ 

Aim 4: To investigate possible reasons underlying the positive association of the 

CD68++CD163+ TAMs with improved patient survival 

Major findings on the environmental signatures of TAM populations from the 

Chapter have been published466. The manuscript is included as Appendix 1. 

  

OPAL 

study cohort

MAUGIC-Affy cohort

Whole tumour Affymetrix data
34 65n = 22

OPAL-Affy cohort

(A)

(C)

(B)
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5.3 Results 

5.3.1 Definitions of gene/density correlation groups 

To investigate the influence of tumour microenvironment on TAMs in situ, thirty-

four patients (OPAL-Affy cohort; Figure 5.1.1) having both multiplex IHC cell 

density data (OPAL study cohort) and whole-tumour-derived Affymetrix gene 

profiles (MAUGIC-Affy cohort) were identified.  

Using the OPAL-Affy cohort (n=34), individual genes in the Affymetrix 

database were tested with the cell density of each TAM population (Figure 

5.3.1A), and the genes that had significant correlation with cell density were 

identified (Spearman correlation, p<0.05). These identified genes were referred 

as the “environmental gene signature” for each TAM population (Figure 5.3.1A), 

due to the fact that the Affymetrix gene profiles were generated with whole-

tumour lysates which included both tumour and stromal compartments making 

the specific cellular origins of these genes difficult to deconvolute (§2.1.2). 

A gene signature of a TAM population consisted of multiple smaller gene 

groups (Figure 5.3.1B; defined with unsupervised clustering method), including 

genes that were either positively or negatively correlated with the increase in 

cell density (Figure 5.3.1A and B). Some gene groups were cell population 

unique (X and Z in Figure 5.3.1A, Figure 5.3.1B and C), whilst others were 

shared genes referred as the “crosstalk” genes (Y in Figure 5.3.1A, Figure 

5.3.1B and C). Within the crosstalk genes, a proportion had an inverse 

correlation between the different cell populations (Figure 5.3.1B and D), 

whereas the others had concurrent positive or negative correlations with cell 

density. Gene groups with positive and negative correlations with cell density 

were also present in the population unique signature (Figure 5.3.1A and B). 
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Figure 5.3.1 Definitions of gene/density correlation groups 

(A) Spearman correlations (p<0.05) of cell density with gene expression were used to identify 

gene signatures for each TAM population. (B) Constitution of gene groups (X and Z: population 

unique; Y: crosstalk) in a gene signature of a cell population. (C) Representation of population 
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unique and cross-talk gene groups of the gene signatures. (D) Representations of positively, 

negatively and inversely correlated genes with density within the cross-talk gene group. 

5.3.2 Gene signatures between mIHC-characterised TAMs 

To acquire biological information from these TAM signatures, genes in different 

gene groups were interrogated with Reactome411, an online pathway database, 

to determine the most relevant pathways associated with the gene groups. 

Significant pathways (false discovery rate, FDR<0.05; corrected with Benjamini-

Hochberg410) were labelled for each TAM comparison (from Figure 5.3.2 to 

Figure 5.3.9). 

5.3.2.1 M1-like TAM populations 

The gene groups between M1-like macrophage populations, defined by the lack 

of CD163 and CD206 expression, were compared (Figure 5.3.2). The results 

showed that in a tumour with an increased number of both M1-like TAM 

populations (#B, Figure 5.3.2), an upregulation of TP53-regulated cell death and 

Insulin-like growth factor 2 (IGF2) gene signatures were observed. The CD68-

only population was associated with the release of cytochrome C (#E) whilst the 

CD68+IRF8+ macrophages showed a unique signature of NF-κB activation (#C). 

These results suggest that the M1-like macrophage populations may have been 

controlling the actively growing tumours (high IGF2 signalling484, 485) by inducing 

tumour apoptosis486, 487. 

  



131 
 

CD68+
CD68+

IRF8+
# Associated pathways

FDR

<0.05

P A
1. Regulation of gene expression in beta cells

2. Regulation of TP53 activity through phosphorylation

P P B
1. Insulin-like growth factor-2 mRNA binding proteins*

2. TP53 regulated transcription of cell death genes* Y

P C
1. Generic Transcription Pathway

2. TRAF6 mediated NF-kB activation

N P D
1. Mitochondrial iron-sulfur cluster biogenesis

2. Regulation of TP53 activity through methylation

P N E
1. TP53 regulated cytochrome C release*

2. TP53 regulated transcription of cell death genes Y

N F
1. Transcriptional activation of p53 responsive genes  

2. Protein-protein interactions at synapses

N N G
1. Neurotransmitter receptors and postsynaptic signal transmission

2. Integration of energy metabolism

N H
1. WNT mediated activation of DVL

2. Mitochondrial translation termination
 

Figure 5.3.2 M1-like macrophages 

Red: genes with positive (P) correlations with cell density. Blue: negative (N) correlations. White: 

no correlations, unique signatures of either cell populations. Associated pathways identified with 

the Reactome database. *: FDR<0.05 (Benjamini-Hochberg410). 

 

5.3.2.2 CD163+ (CD206-) TAM populations 

The CD163-positive but CD206-negative macrophage populations were 

investigated (Figure 5.3.3). These two TAM populations, CD68+CD163+ and 

CD68++CD163+, mainly differed in CD68 expression, which was shown to be 

upregulated when a macrophage was proximate to the tumour-nest (Figure 

4.3.20A). In the gene group analysis, the CD68+CD163+ macrophages 

correlated with IL-4 and 13 (#C), suggesting a closer relationship with the true 

alternatively-activated M2 (or M2a307, 488; §1.4.1) macrophages polarised in vitro 

with IL-4 and IL-13. The CD68++CD163+ macrophages exhibited signatures 

related to strong immune signalling (IL-4, IL-13 and IL-10) and also the 

remodelling of extracellular matrix (ECM; #A, Figure 5.3.3).  Having the IL-10 

signature suggest that the CD68++CD163+ population may be related more to 

M2c307, 457 macrophage and the presence of the IL-10 cytokine in the 

microenvironment may be one of the definitive factors between the locational 

differences of the two populations.  
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Both the CD163+ (CD206-) TAM populations negatively correlate with cell 

cycle-associated signatures, suggesting that cells in the tumour may have been 

less proliferative where these TAMs were abundant. Both of the populations 

were associated with TGFβ and STAT5 signalling (#B), and had an inverse 

relationship with IGF2 (anti-apoptotic489 and enhanced cell proliferation484) and 

transcriptional regulation, indicating different rates of cell growth within the 

tumours where these TAM populations were abundant.  

 

CD68+

CD163+

CD68++

CD163+
# Associated pathways

FDR

<0.05

P A

1. Signalling by Interleukins* (IL-10 / 4 & 13)

2. Extracellular matrix organization*

3. Cytokine signalling in Immune system*

4. Assembly of collagen fibrils and other multimeric structures*

5. Nuclear Receptor transcription pathway*

Y

P P B
1. Activation of STAT5

2. IL-2 / 7 / 9 / 15 / 21 signalling 

3. TGFBR2 MSI frameshift mutants in cancer

P C
1. Nonsense-Mediated Decay (NMD)*

2. Interleukin-4 and Interleukin-13 signalling* Y

P N D
1. Nuclear Receptor transcription pathway*

2. Generic Transcription Pathway* Y

N P E
1. Insulin-like Growth Factor-2 mRNA Binding Proteins*

2. Metabolism of RNA* Y

N F
1. Cell Cycle, Mitotic*

2. Signalling by FGFR2 Y

N N G
1. TP53 regulated DNA repair genes*

2. Polo-like kinase mediated events

3. Cell Cycle, Mitotic
Y

N H
1. G0 and Early G1

2. G1/S-Specific Transcription
 

Figure 5.3.3 CD163+ (CD206-) macrophages 

Red: genes with positive (P) correlations with cell density. Blue: negative (N) correlations. White: 

no correlations, unique signatures of either cell populations. Associated pathways identified with 

the Reactome database. *: FDR<0.05 (Benjamini-Hochberg). 
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5.3.2.3 CD206+ (CD163-) TAM populations 

The expression of CD206 on TAMs was found to decrease when macrophages 

were proximate to the tumour-nest (Figure 4.3.20C). As a consequence, the 

CD68+CD206+ TAMs were found to localise near the tumour cells whilst the 

CD68+CD206++ TAMs were more associated with the stroma and non-tumour 

tissues (Figure 4.3.1C and Figure 4.3.2). The gene profile of the CD68+CD206+ 

macrophages was associated with a unique signature of IL-6  and enhanced 

immune signalling (#A, Figure 5.3.4), whereas the CD68+CD206++ 

macrophages were more associated with an anti-apoptotic (IGF2; #B), IL-7-

related (#G) and anti-inflammatory environment (decrease in IL-36490; #E).  

 

CD68+

CD206+

CD68+

CD206++
# Associated pathways

FDR

<0.05

P A
1. Interleukin-6 signalling*

2. Signalling by Interleukins

3. MAPK1/3 (ERK2/1) activation
Y

P B
1. Insulin-like growth factor-2 mRNA binding proteins*

2. Regulation of TP53 activity through methylation Y

P P C
1. RUNX1 interactions

2. Sodium/Proton exchangers

P N D
1. Defective SLCO1B1/3 

2. Threonine catabolism

N E

1. Regulation of TP53 expression

2. NOTCH2 intracellular domain regulates transcription

3. RUNX3 regulates NOTCH signalling

4. Interleukin-36 pathway

N N F
1. Uptake and function of anthrax toxins

2. Deactivation of the beta-catenin trans-activating complex

N P G
1. Interleukin-7 signalling*

2. MyD88/IRAK4 deficiency (TLR2/4)

3. Chromatin organization
Y

N H
1. RUNX3 regulates CDKN1A transcription

2. Transcriptional activation of p53 responsive genes  

3. Transcriptional  activation of  cell cycle inhibitor p21 
 

Figure 5.3.4 CD206+ (CD163-) macrophages 

Red: genes with positive (P) correlations with cell density. Blue: negative (N) correlations. White: 

no correlations, unique signatures of either cell populations. Associated pathways identified with 

the Reactome database. *: FDR<0.05 (Benjamini-Hochberg). 
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5.3.2.4 The CD68+CD163+CD206+ populations 

The CD68+CD163+CD206+ macrophages were numerous in both tumour and 

non-tumour regions and were found to accumulate at the tumour Margin (Figure 

4.3.1C). High CD163 and CD206 expression have been reported on 

unpolarised (naïve) macrophages414, which might explain their abundance in 

the normal tissue and their most distant spatial relationship with the tumour cells 

(Figure 4.3.5). Additionally, the reduction of CD206 expression and increased 

CD163 expression on TAMs observed between the non-tumour normal tissue 

into the tumour-site (Figure 5.3.5) indicates that a proportion of the 

CD68+CD163+CD206+ TAMs may represent a transient phenotype between 

the CD163+ (CD206-) near the tumour and the CD206+ (CD163-) TAMs at the 

Margin. To understand the possible change between these TAM populations, 

the gene signature of the CD68+CD163+CD206+ macrophages was compared 

to the CD163+ (CD206-) and the CD206+ (CD163-) TAM populations in Figure 

5.3.6 and Figure 5.3.7, respectively. 

 

Figure 5.3.5 Differential CD163/CD206 expression at the Margin 

Representative multiplex IHC and H&E images. Dashed line:  interface of tumour Margin and 

adjacent non-tumour normal tissue.  
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When compared with the CD163+ (CD206-) TAMs, the results showed that the 

CD68+CD163+CD206+ population was more M2a-like which correlated with IL-

4 and 13 (#F, Figure 5.3.6) and not with IL-10 (#A). It was not associated with 

STAT5 signalling (#C), was negatively associated with cell cycle genes (#I, J 

and M), and, interestingly, with the activation of T-cell receptor (TCR), PD1 

signalling and the development of regulatory T cells (#E). These results suggest 

that the CD68+CD163+CD206+ macrophages at the Margin might be 

functionally associated with the infiltration of T lymphocytes. 

There was not much similarity found in the CD68+CD163+CD206+ 

macrophages compared to the CD206+ (CD163-) populations (Figure 5.3.7). 

The CD68+CD163+CD206+ macrophages exhibited the unique signature 

associated with T cells and M2a-like phenotype (#F, Figure 5.3.7), as described 

above (Figure 5.3.6), and merely shared a IL-7 signature (#E, Figure 5.3.7) with 

the CD68+CD206++ macrophages that was also abundant in the non-tumour 

tissue (Figure 4.3.1C). These data suggest that the CD68+CD163+CD206+ 

macrophages may relate to the CD163+ (CD206-) population more than the 

CD206+ (CD163-) population.      
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Figure 5.3.6 All CD163+ macrophages 

Red: genes with positive (P) correlations with cell density. Blue: negative (N) correlations. White: 

no correlations, unique signatures of either cell populations. Associated pathways identified with 

the Reactome database. *: FDR<0.05 (Benjamini-Hochberg). 
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Figure 5.3.7 All CD206+ macrophages 

Red: genes with positive (P) correlations with cell density. Blue: negative (N) correlations. White: 

no correlations, unique signatures of either cell populations. Associated pathways identified with 

the Reactome database. *: FDR<0.05 (Benjamini-Hochberg). 
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5.3.2.5 CD68+CD163+ and CD68+CD206+ TAMs 

A negative density correlation between the CD68+CD163+ and the 

CD68+CD206+ TAMs was observed within the M2-like spectrum (Figure 4.3.8). 

This result suggests that the CD68+CD163+ and the CD68+CD206+ TAMs 

were not concurrently abundant at a whole-tumour level, despite the obvious 

trend in the CD163 and CD206 changes observed (Figure 5.3.5), showing that 

these two TAM populations can still be found within the same microenvironment 

of a tumour.  

When comparing the gene signatures of the two TAM populations, the IL-4/13 

and IL-6 signatures were confirmed for the CD68+CD163+ and the 

CD68+CD206+ populations, respectively (#A and #D, Figure 5.3.8). The two 

populations share a positive association with IL-12 (#B), and a negative 

association with cell death signalling (#G). The CD68+CD163+ macrophages 

were correlated with the enhancement of cell cycle arrest (#C) and the 

downregulation of cell proliferation (#F), whilst the CD68+CD206+ 

macrophages had positive association with cell proliferation (#C) and possible 

interactions with other cell types (#D and #E; CTLA4, and FGFR2 with T 

lymphocytes and fibroblasts, respectively). 

These results suggest that the difference in abundance of between the two TAM 

populations at the whole-tumour level may be related to the proliferation status 

of cells, and also the dominant immune compositions of individual tumours. 

Within the same tumour, these TAMs might interact with different cellular 

targets, or were polarised with the by-products of cell cycle modulation and/or 

immune activity.  
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Figure 5.3.8 Inversely correlated TAMs: CD68+CD163+/CD68+CD206+ 

Red: genes with positive (P) correlations with cell density. Blue: negative (N) correlations. White: 

no correlations, unique signatures of either cell populations. Associated pathways identified with 

the Reactome database. *: FDR<0.05 (Benjamini-Hochberg). 

 

5.3.2.6 CD68+IRF8+ and CD68+CD163+CD206+ TAMs 

The M1-like CD68+IRF8+ macrophages and the M2-like 

CD68+CD163+CD206+ macrophages were negatively correlated based on 

density (Figure 4.3.8), distributed among different tumour regions (Figure 

4.3.1C) and were located the closest (12.3µm) and furthest (23.8µm) relative to 

tumour cells, respectively (Figure 4.3.5). The comparison of gene signatures 

between these populations confirmed an association of IL-1, NF-κB signalling 

(#A, Figure 5.3.9) with the CD68+IRF8+ macrophage and the IL-4/13 pathways 

(#D) with the CD68+CD163+CD206+ macrophages, as described above 

(Figure 5.3.2 and Figure 5.3.6). Both of the TAM populations showed positive 

correlations with active immunity (#B) but inversely correlated with cell death-

related genes (#C) and extra-cellular matrix-associated pathways (#E, Figure 

5.3.9). These results, in combination with their spatial location, infer an immune-

relevant transition from a less inflamed environment in the distant normal tissue 
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into a more inflamed environment within the tumour regions. This pattern may 

be recapitulated at the microscopic scale between stroma and the tumour-nest 

that is within the 10-20µm from the tumour cells where the percentage of all 

TAM/tumour cell pairs peaked (Figure 4.3.6).  

In summary, these data indicate that the heterogeneity of macrophages was 

influenced by their spatial distribution to the tumour cells in a very close range. 

The diffusion distance476-478 of tumour-cell-derived cytokines and chemokines 

may be a controlling factor, additionally, other cells located within the 

microenvironment (e.g. T cells and fibroblasts; as associated with certain TAM 

population signatures), that cannot be defined with the current panel, may also 

play an important role in the polarisation of TAMs in situ.  
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Figure 5.3.9 Inversely correlated TAMs: CD68+IRF8+/ 
CD68+CD163+CD206+ 

Red: genes with positive (P) correlations with cell density. Blue: negative (N) correlations. White: 

no correlations, unique signatures of either cell populations. Associated pathways identified with 

the Reactome database. *: FDR<0.05 (Benjamini-Hochberg). 
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5.3.2.7 CD68++CD163+ TAM enriched tumour microenvironment 

In §4.3.3, a survival advantage was found in patients with a higher 

CD68++CD163+ TAM density (n=14, >66% of the OPAL study cohort) 

compared to the patients with lower density (n=14, <33%; Figure 4.3.7). To 

explore possible mechanisms underlying this observation, the MAUGIC-Affy 

cohort (n=99) was clustered with the environmental gene signature derived 

from the CD68++CD163+ TAMs density (Figure 5.3.10). This result showed that 

two main clusters of patients were identified using the unsupervised clustering 

method and the major pathway differences between the groupings were in 

immune response and cell proliferation (Figure 5.3.10).  

 

Immune signalling

Cell proliferation

P
O

S
 (

9
3
7
)

N
E

G
 (

9
8
0
)

-4 -3 -2 -1 0

MET activates PTK2 signaling
Extracellular matrix degradation

Collagen fibrils
Immune system

ECM proteoglycans
Interleukin-4 and 13 signaling
Cytokines in immune system

Interleukin-10 signaling
Extracellular matrix organization

Interleukin signalling

Top 10 (POS)

FDR (Log10)

-1.5 -1.0 -0.5 0.0

Mitotic G2-G2/M phases
Mitotic G1-G1/S phases

E2F negative control by DREAM
G1/S-specific transcription
E2F1 target genes at G1/S

CDC6 association with the ORC
Alpha-defensins

E2F targeted negative control
G0 and early G1

TP53 / DNA repair

Top 10 (NEG)

FDR (Log10)

n.s.

 

Figure 5.3.10 Unsupervised clustering of MAUGIC-Affy cohort with 
CD68++CD163+ TAM gene signature 

Heatmap key: Red/Black/Blue: positive/no/negative spearman correlation. Most relevant 

pathways identified with the Reactome database. Pathway key: Red/Orange/Blue/White: 

Immune/Extracellular-matrix/Cell-cycle/Other related. Dashed line: FDR=0.05. n.s.: not 

significant.  
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A refined gene signature was developed using the genes that were within the 

associated pathways (Figure 5.3.10) that were most significantly correlated 

(p<0.001; Spearman correlation) with the CD68++CD163+ TAM density (Figure 

5.3.11). Patients were stratified into High and Low groups based on the median 

expression of this refined gene signature using an unsupervised clustering 

method (Figure 5.3.11). This signature was validated using the extended 

MAUGIC-Affy cohort to expand patient number for testing their survival 

relevance and was tested using an online GC survival database405 (n=348). 

Patients with an above median level of expression of this signature in both 

cohorts had improved overall survival (Figure 5.3.12). 

 

Figure 5.3.11 Patients in the MAUGIC-Affy cohort grouped using a refined 
CD68++CD163+ TAM signature 

This refined gene signature was identified from the genes within the CD68++CD163+ TAM 

density-derived environmental signature (§5.3.2.2), using the criteria of (i) the gene expressions 

that were most significantly correlated its cell density (p<0.001, Spearman correlation), and (ii) 

were within the significantly-associated pathways (FDR<0.05) in Figure 5.3.11. Key: relative 

gene expression. Figure from466. 

 

 



143 
 

 

Figure 5.3.12 Validation of patient overall survival classified by the refined 
CD68++CD163+ TAM signature 

(A) MAUGIC-Affy cohort (n=93 from the KMplot405; GSE51105). (B) Combined GC cohort 

(KMplot n=248; GSE14210, GSE15459, GSE22377, GSE29272 and GSE51105). Log-rank 

(Mantel-Cox) test. Figure from466. 

 

The immunological features of patients grouped with the refined 
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Upregulation of both M1-like and M2-like macrophage and also T and NK cell 

related genes were observed (Figure 5.3.13A and B). This grouping of the 

MAUGIC-Affy cohort was also correlated with the increased inflammation 

scores406 in patient samples as determined by a pathologist (C.M.; Figure 

5.3.13C), suggesting that high CD68++CD163+ TAM density reflects an 

enhanced overall host immune response that could be one reason for the 

improved patient survival observed on univariate analysis (Figure 4.3.7). 

Oxygen levels have been previously reported as an important factor contributing 

to TAM polarisation in situ365. To investigate if tumour hypoxia could be involved 

in the polarisation of the CD68++CD163+ TAMs, a hypoxia-related gene 

signature491, as well as angiogenesis-associated genes (e.g. VEGF), were 

compared between the patient groups (Figure 5.3.13D). Interestingly, increased 
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in Figure 5.3.11), suggesting a more hypoxic and less angiogenic 

microenvironment where these TAMs were abundant. However, the fold 

changes of the genes between patient groups were not substantial (0.28 and 

0.42 for the HIF1A and VEGFA, respectively) indicating that these may be 

regional effects within the microenvironment rather than a global change in the 

tumours.  Interestingly, while the VEGFA was downregulated in these tumours, 

the elevation of VEGFB and VEGFC may suggest a provoked vessel survival492 

and the lymphangiogenesis493, 494 associated with these genes, respectively.  
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Figure 5.3.13 Gene comparisons between the High-Low patient groups 

(A) Macrophage associated genes. (B) Selected T and NK cell related genes. (C) Inflammation 

score determined by a pathologist (C.M.). (D) Hypoxia-associated genes. Vertical dashed line: p 

value=0.05. Mann-Whitney U test. Figure from466.  
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5.3.2.8 An overview of TAM spectrum heterogeneity with 

associated TME  

Gene signatures of all seven TAM populations were combined and clustered 

using an unsupervised method to gain an overall interpretation of the 

macrophage system in GC (Figure 5.3.14). TAM populations were associated 

with immune and transcriptional regulation-associated pathways but to a 

different extent (Figure 5.3.14). Some were correlated with more specific 

cytokines (e.g. IL-1, 6 and 10), whereas others were associated with broader 

and more generic cellular functions (e.g. transcription, DNA repair).  

  

Figure 5.3.14 Unsupervised clustering of TAM-associated environmental 
signatures and associated pathways 

List of genes that were significantly correlated with each TAM population density of matched 

patient samples (n=34; OPAL-Affy cohort) identified (Spearman). Red/Black/Blue: 

positive/no/negative correlation. *: FDR<0.05 (Benjamini-Hochberg). Figure from466. 
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5.3.3 Characterisation of TME with in vitro-polarised 

macrophage gene signature 

The gene signature analyses described in Section 5.3.2 suggest that a more 

detailed TAM characterisation method may assist in deciphering whole-tumour-

derived gene expression data to reveal the existence of different TAM 

populations. Further investigation were performed to examine if using known 

gene signatures that characterise in vitro-polarised macrophages could have 

similar effects. A list of 217 differentially-expressed genes (Appendix 3) 

between the in vitro-polarised M1/M2 macrophages was identified by cross 

referencing published studies focusing on describing genomic changes 

macrophage phenotypes171, 183, 313, 448, 495-497 and was tested with the MAUGIC-

Affy cohort (n=99). 

The MAUGIC-Affy cohort was first interrogated with the gene list with multiple 

unsupervised hierarchical clustering methods (e.g. complete, single, average, 

ward.D2). A subgroup of patients (n=9, red arrow; Figure 5.3.15) was found to 

always cluster together and had relatively high expression of specific genes. 

Further analysis was performed by comparing the differentially-expressed 

genes between this subgroup of patients (n=9) to the rest of the cohort (n=90); 

a large number of M1-like macrophage associated genes (e.g. IDO1, IFNG, 

CXCL9, CXCL10) were observed to be differentially expressed between the 

groups (Figure 5.3.16A).  

A more refined in vitro macrophage signature was generated by selecting the 

significantly differentially-expressed genes (p<0.05) that had an absolute binary 

logarithmic fold change (FC) value greater than one (Figure 5.3.16B). 

Interestingly, three out of five macrophage-associated markers that were used 

in the multiplex IHC panel were also identified using this approach (CD163, 

CD206 and PDL1; Figure 5.3.16B). However, within this refined macrophage 

signature, all but one gene was upregulated within the nine patients; therefore, 

it was not possible to distinguish between the genes from either side of the 

macrophage polarisation spectrum. This result was similar to the result 

comparing patients with high CD68++CD163+ TAMs showing that genes 

associated with both M1 and M2 macrophage were elevated (Figure 5.3.13A).  
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To further investigate this matter, genes within the refined signature were 

correlated with each other using a Pearson correlation (Figure 5.3.17). As 

expected, the majority of the genes were highly and positively correlated 

(coloured in red). However, surprisingly, genes from either side of the in vitro 

polarisation spectrum tended to cluster together (arrows; Figure 5.3.17). This 

result suggests that there existed subtle differences between TAM populations 

in the whole-tumour-derived samples, however, these cannot be easily 

separated by gene expression profiles alone.   
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Figure 5.3.15 Interrogation of MAUGIC-Affy cohort with in vitro 
macrophage gene signature 
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Red arrow: a group of patient (n=9) identified having higher expression of a gene signature with 

different clustering method. Red/White/Blue: positive/no/negative correlation. Unsupervised 

clustering (ward.D2) using R software.  
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Figure 5.3.16 A refined in vitro macrophage gene signature 

(A) Differentially-expressed genes (p<0.05) and (B) the genes with absolute fold change >1 

between the Red-arrow-marked patients (n=9) in Figure 5.3.15 with the rest (n=90) of the 

MAUGIC-Affy cohort. Mann-Whitney U test. 
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Figure 5.3.17 Gene-gene correlations of the refined macrophage signature 

Pearson correlation of genes in Figure 5.3.16B in the MAUGIC-Affy cohort. Red/White/Blue: 

positive/no/negative correlation. 
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To explore possible associations between clinical parameters and macrophage 

gene signatures, an unsupervised clustering method was used to group patients 

in the MAUGIC-Affy cohort into three groups using the refined in vitro 

macrophage signature (Figure 5.3.18). Higher percentages of patients with 

EBV/MSI and Intestinal GC subtypes were identified in the High/Medium-

expressing groups compared to the Low-expressing group (Figure 5.3.19), 

which aligned with the literature showing these patients were associated with 

higher immune signalling31. Indeed, patients in the High gene-expression group 

were confirmed to have higher immune signature genes associated with T cells, 

macrophages, and NK cells-associated genes (Figure 5.3.20). These patients 

also had relatively improved overall and relapse-free survivals, but were not 

statistically significant which may be due to low numbers in our cohort (Figure 

5.3.21A). An elevated inflammation score and a lower BMI was found 

associated with the High gene-expression patients compared with the Low 

gene-expression ones (Figure 5.3.21B and C). No other clinical parameters 

were found to be associated with the patient groupings (Figure 5.3.22). 
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Figure 5.3.18 Stratification of the MAUGIC-Affy cohort with the refined in 
vitro macrophage signature 

Red/White/Blue: positive/no/negative correlation. Clustered with unsupervised method (ward.D2) 

using R software. 
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Figure 5.3.19 Cancer subtype between patient groups 

Patient cancer subtype compared between patient groups defined in Figure 5.3.18. 

 

Figure 5.3.20 Immune related genes between patient groups 

Red/White/Blue: positive/no/negative correlation. Supervised clustering of data based on patient 

groups defined in Figure 5.3.18. 
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Figure 5.3.21 Survival and significant clinical relevance between patient 
groups 

(A) Survival relevance, (B) inflammation score and (C) BMI compared between patient groups 

defined in Figure 5.3.18. 
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Figure 5.3.22 Non-significant clinical relevance between patient groups 

Clinical parameters compared between patient groups defined in Figure 5.3.18. 
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5.3.4 Expression of phospho-STAT6 on TAM populations 

The CD206 expression in TAMs was identified to be closely related to 

significantly up-regulated expression of PDL1. The majority of CD206+ 

macrophages preferentially located in the adjacent non-tumour normal region, 

at the tumour Margin and within the tumour stroma. More importantly, the gene 

signatures of the CD206+ macrophages associated with a more classic M2-like, 

anti-inflammatory and immune suppressive activity. To investigate if additional 

markers associated with IL-4/13 signalling could assist to more specifically 

define these TAM populations, the phosphorylation status of STAT6498, 499 

(pSTAT6) was selected. It is known that IL-4 and IL-13 can induce the 

phosphorylation of STAT6 which activates downstream gene expression related 

to macrophage M2 polarisation500 and promote tumour growth501. Five patient 

samples from the OPAL study cohort with the most abundant CD206+ 

macrophages in the tumour Core were identified and were stained with a 

multiplex IHC panel consisting pSTAT6, CD68, CD163, CD206, AE1AE3 and 

DAPI (Table 2.2.1; Figure 5.3.23 to Figure 5.3.25). 

In adjacent normal tissue within the tumour specimens, pSTAT6 staining was 

found to be either expressed by the CD206+ macrophages or cells 

neighbouring the TAMs (Figure 5.3.23). The pSTAT6+CD206+ TAMs can be 

found within different tumour regions, and occasionally with much higher 

pSTAT6 expression compared to the macrophages within the adjacent normal 

tissue (Appendix 4). However, the majority of the CD206+ TAMs were pSTAT6 

low or negative and numerous pSTAT6+ non-macrophage cells were found in 

different tumour regions (Appendix 4).  

However, no differential expression of pSTAT6 on TAMs was observed 

between the CD163+ (CD206-) and CD206+ (CD163-) populations, but the 

pSTAT6+ non-macrophage cells had a trend in accumulating close to the 

tumour cells (Figure 5.3.24). High pSTAT6 expression was also found in the 

tertiary lymphoid structures (Figure 5.3.25). Given their appearance and 

location preferences, these high pSTAT6 non-macrophage cells could possibly 

be T502 or B cells503.  
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Figure 5.3.23 Phospho-STAT6 staining in GC specimen 

Representative composite and single-stained IHC images of phosphor-STAT6 (pSTAT6) 

staining on macrophages within the adjacent non-tumour normal tissue of a GC specimen.  
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Although pSTAT6 was not differentially expressed by the TAM populations, 

interestingly, the CD163+ TAMs seemed to localise preferably within the 

pSTAT6-positive regions in the tumour regions  irrespective of the presence of 

tumour cells (Figure 5.3.24), but rarely in or near the tertiary lymphoid structure 

(Figure 5.3.25). These results suggest that, in addition to the influence of 

tumour cells on TAMs, the cytokines or chemokines from these pSTAT6+ cells, 

possibly lymphocytes, might also be important factors in their heterogeneity in 

situ.   

 

Figure 5.3.24 pSTAT6 staining on TAM populations within the tumour Core 

Representative multiplex IHC and H&E images. Dashed line:  interface of tumour and stroma.  
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Figure 5.3.25 pSTAT6 staining at the tertiary lymphoid structure in GC 
tissue 

Representative multiplex IHC and H&E images. Region within dashed line: tertiary lymphoid 

structure. 
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5.4 Discussion and Conclusions 

5.4.1 Gene signatures between mIHC-characterised TAMs 

In this Chapter, environmental gene signatures for each of the seven TAM 

populations identified with multiplex IHC in Chapter 3 were generated and 

compared. Pathways were associated with the gene groups in an environmental 

gene signature which acted partly as a validating approach for the IHC cell 

phenotyping with the properties of the markers chosen for the multiplex TAM 

panel (§3.1.5), but also as a mean to assign further putative functions to each 

TAM population. The results showed that the TAM populations characterised in 

this study may recapitulate some of the different macrophage subtypes 

proposed by others using in vitro polarisation methods (Figure 5.4.1). 

 

Figure 5.4.1 Schematic model of spatial macrophage polarisation in situ 

Label keys: Grey: putative close approximation of in vitro macrophage subtype. Purple: Most 

relevant pathway related to each TAM population. Red: chemokine signature associated with 

each TAM population. 
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Both M1-like macrophages (CD68+ and CD68+IRF8+) were most significantly 

associated with apoptotic and cell death signalling. However, the two TAM 

populations had different association with the release of cytochrome C and NF-

κB activation which suggest that these two TAM populations may reflect 

different stages of an apoptotic cascade. The CD68-only population might be 

abundant in an earlier or more active phase504 whilst the CD68+IRF8+ 

macrophages were present in a later and readily inflamed environment when 

apoptosis was being maintained505, 506. 

The CD68+CD163+ TAMs exhibited a more in vitro-polarised M2a-like 

macrophage gene signature that associated with only IL-4 and 13. Whereas the 

CD68++CD163+ TAMs, that exhibited a higher expression of CD68, had an 

additional IL-10 signature which infer an association with the M2c phenotype 

(macrophage subtypes as described in §1.4.1). The CD68++CD163+ TAMs 

were associated with improved patient survival in the previous analyses (Figure 

4.3.7). In conjunction with their gene expression profiles, this suggests that the 

CD68++CD163+ macrophages were enriched in a more anti-apoptotic, IL-10 

enriched, cell mobility promoted (ECM degradation) environment compared to 

the CD68+CD163+ macrophages. However, interestingly, both CD163+ 

(CD206-) TAM populations exhibited a STAT5 signature, which is broadly 

considered as an M1-like macrophage marker507 and has been shown to 

upregulate post LPS508, IL-6507 and GM-CSF509 induction. Additionally, although 

CD163 has been described as a monocyte/macrophage specific marker510, 511, 

CD163 has been found to be upregulated in a proportion of dendritic cells (DCs) 

polarised in vitro from blood monocytes512, 513 during inflammation514-516. 

Therefore, based on the results from this Chapter, the functional associations of 

the CD68++CD163+ TAMs cannot yet determine if these macrophages were (i) 

more immune suppressive and anti-inflammatory, or (ii) more pro-inflammatory 

and may confer some DC-like functionality that assisted with the cell killing; 

alternatively, (iii) they may be bystanders in the microenvironment to mop up 

debris post cell death which requires further investigation.  

The CD68+CD206+ macrophages that were identified as having the most 

abundant PDL1+ proportion in our cohort (Figure 4.3.12) were associated with 
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IL-6 signalling. This result suggests that these TAMs may be related to the anti-

inflammatory M2d macrophage population polarised in vitro with IL-6 and 

adenosine183. Macrophages have been shown to be skewed toward an M2d 

status in an IL-6 autocrine496, 517, and adenosine A2A-dependent fashion that 

were independent of IL-4518. High adenosine in the tumour microenvironment is 

known to suppress T cell function by inhibiting their TCR signal transduction519, 

520. Blockage of overall macrophage-derived IL-6 could promote T lymphocyte 

proliferation as well as their IFN-γ response in preclinical models521, 522. 

Additionally, IL-6 and leukaemia-inhibitory factor (LIF) were found to facilitate 

monocyte differentiation into TAMs496; however, in vitro IL-6-induced 

macrophages did not show an upregulation in PDL1414. Collectively, these data 

suggest that the CD206low TAMs (CD68+CD206+) may be more immune 

suppressive than the CD206high TAMs (CD68+CD206++) due to their high PDL1 

expression, their M2d-like phenotype, in addition to their close proximity to the 

tumour cells (Figure 4.3.2). However, the high PDL1 expression on the CD206+ 

population observed in this study may have been due to simultaneous or 

secondary induction of multiple factors.  

Overall, the M2-like (CD163+ and CD206+) TAM populations were broadly 

characterised with an IL-4/13 related pathway whilst the M1-like (CD163- and 

CD206-) showed a relationship with cell apoptosis and pro-inflammatory 

cytokines (e.g. IL-1; Figure 5.3.14). The CD68+CD163+CD206+ macrophages 

were more closely related to the CD163+ (CD206-) than the CD206+ (CD163-) 

populations and may be acting as a wall of T cell suppression at the Margin of 

the tumour. IL-6, IL10 and IL-12 may be important drivers of further TAM 

polarisation of the M2-like populations in situ which was dependent not only on 

the different tumour regions, but also on the cytokine influence and spatial 

distributions from other immune compartments (e.g. pSTAT6+ T and B cells) in 

the microenvironment.  

One limitation from this study of whole tumour-derived gene expression analysis 

is noise from other cell types, especially from tumour cells. Therefore, a gene 

could have multiple functions in different pathways that would be dependent on 

the cell of origin. Nevertheless, the environmental gene signatures identified 
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with mIHC density results, together with the pattern of density distribution 

between regions of interest (Figure 4.3.1C and Figure 4.3.2) and the co-

localisation pattern (Figure 4.3.8 and Figure 4.3.9), may reflect the dynamic 

process of macrophage polarization in situ. 

5.4.2 Characterisation of TME with in vitro-polarised 

macrophage gene signature and pSTAT6 staining 

In this Chapter, differentially-expressed in vitro-polarised M1/M2 macrophage 

genes were identified from the literature and were used to interrogate the 

MAUGIC-Affy cohort. The results showed that using the in vitro-polarised 

M1/M2 macrophage genes, a small proportion of patients can be identified and 

their enhanced immune signatures and inflammatory statuses were similar to 

those identified with multiplex IHC incorporating more detailed macrophage 

phenotyping. However, in general, using gene signatures alone was not 

sufficient enough to identify the different macrophage populations or to draw 

strong conclusions about how the immune cells were associated with patient 

parameters.  

Interestingly, patients identified having high in vitro-polarised macrophage 

genes exhibited an elevated inflammation score (Figure 5.3.21), similar to the 

patients grouped with the refined CD68++CD163+ TAM signature (Figure 

5.3.11). This may be partially explained by the downregulated CA2 expression 

of the High gene-expression group (Figure 5.3.16). CA2 encodes the enzyme 

Carbonic anhydrase 2 which was found to be highly-expressed by mouse 

macrophages compared to other cell types (e.g. tumours, endothelial cells, 

fibroblasts)523. CA2 has been shown to enhance Th2 (IL-4/13) responses524 and 

mast cell-mediated inflammation525. These data suggest that the tumour 

microenvironments within the High gene-expression patients were associated 

with a Th1-driven inflammation. This imbalance between Th1/Th2 

inflammation526 may be related to the significant difference in BMI between the 

patient groups (Figure 5.3.21) since obesity is viewed as a chronic but low-

grade inflammation state527. Obesity has been reported to reduce the cytotoxic 

property of NK cells due to intra-cellular lipid accumulation528 and to promote 

macrophages that resemble TAMs529. Therefore, there may also be a systemic 
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metabolic reprogramming of the immune activities in the patients in different 

BMI groups, however, more samples would be required for further investigation.  

pSTAT6 was selected as the downstream target of the IL-4/13 signalling 

pathways to examine if it could more specifically identify certain TAM 

populations. However, pSTAT6 was not a discriminative marker for the 

macrophages and other cell types in situ. Some high pSTAT6 expression was 

found on TAMs supporting the fact that these pathways are important for 

macrophages499. However, a combination of other markers are needed to 

further investigate its significance for the TAM populations identified in this 

study. 

5.4.3 Summary 

In summary, in this Chapter, environmental gene-signatures were successfully 

generated for each of the TAM population defined in Chapter 3 using mIHC. 

The data indicate that these TAM populations identified in situ may resemble 

some of the macrophage populations polarised in vitro. Importantly, 

interrogation of the whole tumour-derived gene profile in conjunction with the 

more detailed TAM characterisation data and multiplex IHC could help to 

decipher the complicated composition of the TAM/tumour relationship in situ, 

but not with the in vitro-polarised macrophage gene signature alone. Moreover, 

it also revealed the importance of including a broader view of other immune 

cells for their possible contributions to TAM heterogeneity in the GC 

microenvironment.  
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Chapter 6 : Interactions between tumour-

associated macrophages and tumour-infiltrating 

T lymphocytes   

6.1 Introduction 

In the previous Chapter, environmental gene signatures were generated for 

each TAM population identified with multiplex IHC to investigate their possible 

interactions with the tumour microenvironment. These results identified certain 

cytokines (e.g. IL-1, 6 and 10) that may be critical for TAM polarisation in situ 

and suggest possible contributions of other immune cells to shaping TAM 

heterogeneity in the GC microenvironment. 

TAMs and tumour-infiltrating T lymphocytes (TILs) are two of the most abundant 

and well characterised immune populations in the tumour microenvironment 

(TME)294. The interactions between these cell types have long been recognised 

and studied530, 531 in different disease models532, 533 and the Th1/Th2 

classification was the exemplar that allowed the creation of the M1/M2 bipolar 

model169. The TAMs and TILs have been reported to exhibit different 

functionalities in the TME that are related to pro- and anti-tumoural roles, 

respectively294. In addition, the difference in their spatial location within the 

tumours has been described as being “inversely correlated”189 with TILs more 

commonly restricted to the stromal areas whilst the TAMs infiltrated deeper into 

the tumour-nest (Figure 6.1.1). Importantly, given the observation in Chapter 5 

that the pSTAT6+ non-macrophage cells could possibly influence TAM spatial 

distribution/polarisation in situ, this Chapter aims to investigate the association 

of TIL and TAM populations. 
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Figure 6.1.1 Inverse locations of TAMs and TILs within gastric cancer 

CD68+ macrophages are found to locate within the AE1AE3+ tumour Margin whilst the CD8+ T 

cells were excluded from the tumour. Dashed line:  interface of tumour Margin and adjacent 

non-tumour normal tissue. 

 

6.2 Aims 

Aim 1: To characterise the TIL landscape in the tumour Core region  

Aim 2: To investigate the spatial relationships of TAMs and TILs to tumour cells 

Aim 3: To investigate the influence of TILs on TAM polarisation and possible 

immune cell interactions through gene expression 

Aim 4: To investigate possible reasons underlying the positive association of 

CD68++CD163+ TAMs with improved patient survival 
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6.3 Results 

6.3.1 Multiplex TIL panel staining and cell phenotyping 

To investigate the TIL profile, a multiplex TIL panel407 was designed and 

optimised: CD3 was used as a pan-T lymphocyte marker, CD4 and CD8 were 

selected as markers for the helper and cytotoxic T cells, respectively, and the 

forkhead box P3 (FOXP3) was a signature marker for the regulatory T cells418 

(Figure 6.3.1, Figure 6.3.2 and Table 2.2.2). IRF8 was included in the panel due 

to the observations from previous Chapters that (i) the CD68-IRF8+ cells, as 

well as pSTAT6+ non-macrophage cells, had a location preference in the intra-

tumoural tertiary lymphoid structures (Figure 6.3.3 and Figure 5.3.25), (ii) a high 

percentage of CD68-IRF8+ cells expressed PDL1 (Figure 6.3.4), and (iii) the 

presence of these cells was associated with improved patient survival (Figure 

4.3.22 and Figure 4.3.23), suggesting they may be a population of interferon-

associated T lymphocytes534.  

A subset (n=43) of samples from the OPAL study cohort (n=56) stained using 

the multiplex TAM panel in Chapter 3 were chosen based on the presence of 

tumour Core region and the availability of survival data. For this analysis, the 

adjacent, sequential sections of the tissue block were stained with the multiplex 

TIL panel (Figure 6.3.1).  
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Figure 6.3.1 Cell populations identified with the multiplex TIL panel 

(A) Combined marker signature of each TIL population. Negative cells are the “Other cell” in (B). 

(B) Representative images of cell populations in gastric cancer defined with the multiplex TIL 

panel. DN: Double negative of CD4 and CD8. Yellow: IRF8, White: CD3, Red: CD4, Green: 

CD8, Magenta: AE1AE3, Cyan: FOXP3, Blue: DAPI. Single-stained IHC colour: Blue: DAPI, 

Brown: Positive staining of markers as indicated (+). Scale bar: 10 µm.  
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Images were segmented and cells were phenotyped into different TIL 

populations with the inForm software as described in Chapter 3 (§3.3.3). 

Images from different regions of interest (ROIs; Figure 6.3.2) showed similar 

staining location patterns to the pSTAT6+ cells described in Chapter 5 (Figure 

5.3.25), supporting the hypothesis that some of the non-macrophage pSTAT6+ 

populations might be T lymphocytes. Unfortunately, the T cell populations were 

all negative of IRF8 (Figure 6.3.1B), leaving the identity of this interesting cell 

population undetermined. 

 

 

Figure 6.3.2 Representative images of the multiplex TIL panel 

Similar regions of interest obtained from the same patient (#7424) as in Figure 5.3.24 and 

Figure 5.3.25 investigating pSTAT6 expression on TAMs. 
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Figure 6.3.3 CD68-IRF8+ cells located in tertiary lymphoid structures 

Data of the multiplex TAM panel showing the locational preference of CD68-IRF8+ cells in 

different patient samples. Yellow: IRF8, Green: CD68, Magenta: AE1AE3, Blue: DAPI. Single-

stained IHC colour: Blue: DAPI, Brown: Positive staining of markers as indicated.  
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Figure 6.3.4 High PDL1 expression on CD68-IRF8+ cells 

PDL1 expression on cell populations defined in Figure 4.3.11 and Figure 4.3.12. Figure from466. 

 

6.3.2 Density correlations between the TAMs and TILs 

Tumour Core was selected as the region within a tumour specimen to compare 

the difference between the TAMs and TILs. The Core was chosen as it 

comprises the majority of the tumour and because for some tumours, especially 

those with diffuse histology, tumour Edge and Margin were difficult to define. 

This could also minimise the influence due to “tissue loss” between sequential 

sections. 
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The total TAM (CD68+) to total TIL (CD3+) ratio in the tumour Core was 3:1 

(Figure 6.3.5A), and the two immune systems positively correlated in the tumour 

Core (Figure 6.3.5B). To examine the potential interaction of TAMs and TILs, 

the density correlation between the individual TAM and TIL populations was 

compared (Figure 6.3.6). It was notable that all the TIL populations were 

positively correlated with each other as well as to all the TAM populations 

(Figure 6.3.6A) whilst some of the TAMs were negatively correlated with the 

other TAMs as previously described (Figure 4.3.8). Higher correlations were 

observed between individual TAM populations than between individual TIL 

populations and the CD3+CD8+ T cells were the TIL population that was most 

highly associated with the TAMs (Figure 6.3.6B). These results suggest that, as 

a whole, both innate and adaptive immune systems were concurrently present 

in the tumour, either working together or reflecting the balance of an immune-

escaped microenvironment with the coexistence of both pro- and anti-tumour 

immunity. TILs may have been recruited into the TME as a group whereas the 

recruitment of TAMs may differ depending on the environmental signals of each 

individual tumour. 

 

Figure 6.3.5 Association between TAMs and TILs in the Core 

(A) Percentage of TAMs and TILs in total TAMs plus TILs. Box and whiskers represent mean ± 

10-90 percentile. Each point represents one patient. ***p<0.001 comparing between TAMs and 

TILs. Mann-Whitney U test. (B) Density correlations between TAMs and TILs. Solid and dashed 

line represent linear fitted line with 95% confidence intervals. 
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Figure 6.3.6 Density correlation of TAMs and TILs in the tumour Core 

(A) Heatmap of Spearman correlation (n=43) and (B) Density qgraph map (“qgraph” package in 

R) between each of the TAM and TIL population. Increased line width in the qgraph map 

corresponds to increased significance of density correlations. Red/Blue: positively/negatively 

correlated. CD3+DN: double-negative of CD4 and CD8. Correlation coefficients are as labelled 

in each cell. 
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6.3.3 Spatial TIL distribution relative to tumour cells 

To understand the spatial distribution of TILs in the TME, the ISAT package 

(§3.3.5) was applied to the TIL dataset. The distance of TILs to tumour cells 

was extracted from the matrix (Figure 6.3.7). The CD3+CD4+FOXP3+ 

regulatory T cells were the closest to the tumour cells with a median distance of 

12.65 µm and the CD3-only (CD3+DN, double-negative) T cells were located 

furthest away (27.31 µm) from the tumour cells. The CD3+CD4+ helper and 

CD3+CD8+ cytotoxic T cells both had a median distance of approximately 2-3 

cell-to-cell (as defined in Figure 3.3.15) distance from the tumour cells. 
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Figure 6.3.7 Median distance of T cell populations to tumour cells 

TILs were used as reference cells and tumour cells as nearest cells in the Core region (n=43). 

Box and whiskers represent mean ± 10-90 percentile. Each point represents one patient. 

Numbers represent median distance of each TIL population to tumour cells. *p<0.05, ***p<0.001 

and not significant (n.s.) comparing between TIL populations. Mann-Whitney U test. 

 

6.3.4 Spatial relationship between TAMs and TILs 

The data which determined the distance of TAMs (Figure 4.3.5) and TILs 

(Figure 6.3.7) from the tumour cells were combined to investigate the spatial 

relationship between the innate and adaptive immune systems. A median value 

(approximately 20 µm) of the overall distance of each immune cell population to 

tumour cells was used as the threshold to define bioinformatically the tumour-

nest and stromal regions of the microenvironment (Figure 6.3.8A).  
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The spatial distribution pattern of immune cells in our cohort was similar to the 

published data189 which suggests that the TILs were more commonly found in 

the stroma whereas some TAM populations could infiltrate into the tumour-nest. 

The infiltration depth of each immune population was independent of their 

overall cell densities (Figure 6.3.8B). A significant percentage of CD68+IRF8+ 

TAMs (78%), CD3+CD4+FOXP3+ TILs (72%), CD68+CD206+ TAMs (65%) 

and CD68++CD163+ TAMs (59%) resided within the tumour-nest whilst the 

CD68+CD163+CD206+ TAMs (43%) and the CD3+DN TILs (36%) were located 

in the stroma (Figure 6.3.9). The relative location of immune cells may be used 

to infer functionally relevant interactions between populations of cells that were 

proximate to each other. 
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Figure 6.3.8 Median distance defined tumour microenvironment 

(A) Median distance of cell populations to tumour cells. (B) Corresponding cell density of each 

cell population. Dashed line shows median distance or density of each cell population. 
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Figure 6.3.9 Distribution of immune cell populations with distance defined 
TME 

Tumour-nest and stroma defined with the median immune cell to tumour cell distance identified 

in Figure 6.3.8. n=43. P-value comparing cell density between the tumour-nest and stromal 

areas of each cell population. Mann-Whitney U test. 

 

The density correlations of TAMs and TILs in the tumour-nest and the stroma 

were then compared (Figure 6.3.10). All immune cells showed a much higher 

and more significant correlation in the stroma than in the tumour-nest (Figure 

6.3.10A). This result suggests that all TAMs and TILs were present in the TME 

of an individual tumour; however, only certain cell populations were within the 

tumour-nest. Interestingly, the CD68++CD163+ macrophage and the 

CD3+CD8+ T cell pair had the highest correlation in both tumour-nest and 

stroma (Figure 6.3.10B), despite their differences in median distance to the 

tumour cells and overall densities (Figure 6.3.8). These results suggest that 

these two cell populations may be functionally related to each other or were 

attracted to/being polarised within a similar microenvironment.  
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Figure 6.3.10 Correlation of TAMs and TILs in tumour areas 

(A) Density qgraph map of Spearman correlation (p<0.05) between all cell types within the 

tumour-nest (T) and stroma (S). Arrows identify the TAM/TIL pair with the highest density 

correlations in tumour-nest and stroma. Red/Blue line: positive/negative correlation. Increased 

line width in the qgraph map correspond to increased significance of density correlations. (B) 

Spearman correlations for the CD68++CD163+ TAMs and the CD3+CD8+ TILs. Cell 

populations with significant (p<0.05) density correlations are labelled. 

 

The spatial distribution data (Figure 6.3.8) of each patient was grouped based 

on different clinical parameters, and the EBV/MSI GC molecular subtype 

appeared to be the most significant factor for enhanced immune infiltration 
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depth (Figure 6.3.11) and not other parameters (Table 6.3.1). The overall 

median distance of immune cells to tumour cells of patients with EBV/MSI GC 

subtype was 14.3 µm compared to 20.5 µm of patients with GS/Others GC 

subtype (Figure 6.3.11). This increase (43%; 20.5/14.3) in the infiltration depth 

into the tumour-nest was independent of their overall cell densities (Figure 

6.3.12 and Table 6.3.2). 

CD3+DN

CD68+CD163+CD206+

CD3+CD8+

CD68+

CD3+CD4+

CD68+CD206++

CD68+CD163+

CD68++CD163+

CD68+CD206+

CD3+CD4+FOXP3+

CD68+IRF8+

Histological subtype

Distance to Tumour cells ( m)

Intestinal (29) 18.4

Diffuse (17) 19.9

20

n.s.

Median distance (m)

Molecular subtype

Distance to Tumour cells ( m)

EBV+MSI (10) 14.3

GS+Others (36) 20.5

20

**

*

*
*

*

*
**

n.s.

n.s.

n.s.

n.s.

 

Figure 6.3.11 Immune cell distance to tumour cells by GC subtypes 

Symbols represent median distance. Black brackets: cases. Lines: GC subtype. Vertical dashed 

line: overall median distance of immune cells to tumour cell defined in Figure 6.3.8.  *p<0.05, 

**p<0.01 and not significant (n.s.) comparing between GC subtype. Mann-Whitney U test. 

Table 6.3.1 Clinical parameters associated immune distance to tumour 

Clinical parameter / 

Immune population 

Age 70 Gender T stage N stage AJCC 6th Inflammation Recurrence H. pylori 

Above / 

Below 

Male/ 

Female 

1+2/ 

3+4 

0+1/ 

2+3 

1+2/ 

3+4 

1 / 

2+3 

Yes /  

No 

+ /  

(- & NA)  

Number in each group 20 / 26 31 / 15 12 / 34 33 / 13 24 / 22 18 / 28 22 / 24 18 / 28 

CD68+IRF8+ 0.587 0.440 0.325 0.686 0.531 0.037 0.129 0.128 

CD3+CD4+FOXP3+ 0.303 0.052 0.230 0.964 0.995 0.956 0.871 0.224 

CD68+CD206+ 0.891 0.698 0.908 0.668 0.944 0.225 0.524 0.035 

CD68++CD163+ 0.969 0.986 0.644 0.576 0.423 0.351 0.198 0.022 

CD68+CD163+ 0.882 0.977 0.356 0.550 0.227 0.399 0.210 0.056 

CD68+CD206++ 0.625 0.338 0.811 0.576 0.510 0.104 0.416 0.062 

CD3+CD4+ 0.645 0.753 0.580 0.223 0.024 0.898 0.750 0.108 

CD68+ 0.701 0.610 0.210 0.923 0.703 0.730 0.506 0.070 

CD3+CD8+ 0.559 0.994 0.795 0.219 0.131 0.710 0.297 0.120 

CD68+CD163+CD206+ 0.869 0.835 0.990 0.647 0.439 0.664 0.640 0.098 

CD3+DN 0.614 0.617 0.037 >0.999 0.876 0.166 0.895 0.162 

Median  

Distance (µm) 

18.2 / 

18.4 

18.2 / 

18.6 

16.8 / 

18.9 

17.9 / 

19.5 

17.0 / 

19.2 

19.0 /  

17.8 

19.6 /  

17.1 

21.6 / 

16.2 

 P-values (italic values) between groups determined with Mann-Whitney U test 
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Figure 6.3.12 Immune cell densities between different GC subtypes 

Cell Densities within tumour Core. Box and whiskers represent mean ± 10-90 percentile. Each 

point represents one patient. Differences between each immune cell population are presented 

in Table 6.3.2. 

Table 6.3.2 Immune cell densities between different GC subtypes 

Density (cell/mm
2
) 

Cell types Laurén (p-value) TCGA (p-value) 

Macrophage 

CD68+IRF8+ 0.299 0.761 
CD68+ 0.669 0.210 

CD68+CD163+ 0.404 0.559 
CD68++CD163+ 0.770 0.939 
CD68+CD206++ 0.042 0.346 
CD68+CD206+ 0.719 0.899 

CD68+CD163+CD206+ 0.028 0.722 

T cell 
CD3+DN 0.130 0.819 

CD3+CD8+ 0.700 0.613 
CD3+CD4+ 0.794 0.178 

CD3+CD4+FOXP3+ 0.064 0.317 
 Differences between each immune cell populations presented in Figure 6.3.12 

 Determined with Mann-Whitney U test 
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In summary, by comparing the spatial distribution of TAMs and TILs to the 

tumour cells, an inverse distribution pattern was observed in our cohort which is 

consistent with existing literature189. Interestingly, it has been shown that the 

regulatory T cells were one of the main sources of IL-10 and the helper T cells 

could generate IL-4/13 and also IL-10 in the TME535. The regulatory T cells and 

the helper T cells were found to locate within the tumour-nest and stroma, 

respectively (Figure 6.3.8). The difference in preferential localisation between 

these T cells may be associated with the polarisation of macrophages between 

different tumour areas and be related to the CD206/CD163 distribution patterns 

observed within different pSTAT6+ regions (Figure 5.3.24). In addition, the high 

correlation between the CD68++CD163+ macrophages and the CD3+CD8+ T 

cells might explain their association with improved patient survival (Figure 4.3.7). 

These hypothesised connections were further investigated below. 
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6.3.5 TIL environmental gene signature and survival 

To further understand the tumour microenvironment with reference to TIL 

populations and how TILs may be influencing TAM polarisation, environmental 

gene-signatures were generated for each TIL population (Figure 6.3.13) using 

the methods described in Chapter 5 (Figure 5.3.1). The CD3+CD8+ T cells 

exhibited a unique signature of enhanced immune signalling (IL-2) and 

activation of TCRs (#A, Figure 6.3.13). The CD3+CD4+FOXP3+ T cell density 

was correlated with the FOXP3 and CTLA4 genes, which were signature 

markers for the regulatory T cell (#D). Interestingly, these two populations 

shared upregulated IFN-γ and cell apoptosis signalling (#E), suggesting that 

more cell death might be present where these cells were abundant. However, 

the CD3+CD4+FOXP3+ TILs also shared an increased IFN-γ regulation 

signature with the CD3+DN T cells (#F), and an inverse signature associated 

with cell senescence with the CD3+CD8+ T cells (#G), indicating the multi-

functional property of this cell population or the existence of different 

subpopulations with distinct functions536. The CD3+CD4+ T cells were found to 

associated with reduced IL-10 (#N) but may be related to an enhanced IL-12 

signature (#J), suggesting that a higher Th1 compared to a Th2 response might 

be occurring in the tumours. Interestingly, this result was not in keeping with the 

hypothesis that the Th2 cytokines might be affecting the TAM polarisation within 

the tissue areas before they encounter the tumour cells (pSTAT6+ patterns; 

Figure 5.3.24). A possible explanation for this might be that the gene expression 

data was derived from homogenised whole-tumour tissue rather than specific 

regions. 

When comparing the survival data stratified by the density of different TIL 

populations, interestingly, the CD3+CD4+FOXP3+ T cells were found to be 

associated with improved OS and RFS in our cohort; however, this was not the 

case for the other TIL populations (Figure 6.3.14). 
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Figure 6.3.13 T cell density-derived environmental signatures 

Density of each TIL population of the OPAL-Affy cohort (n-34) was correlated with their 

matched whole-tumour-derived gene expression data. The environmental signature of each TIL 

population was identified. Red: genes with positive (P) correlations with density. Blue: negative 

(N) correlations. White: no correlations, unique signatures of either cell populations. Associated 

pathways identified with the Reactome database. *: FDR<0.05 (Benjamini-Hochberg). 
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Figure 6.3.14 Overall and relapse-free survival based on TIL density 

For each TIL population, patients were stratified into three groups using the overall density 

calculated in the tumour Core. Overall and relapse-free survival were plotted. Upper tercile 

(density > 2/3 of the patients in the cohort; red line), Middle tercile (1/3 < density < 2/3 of 

patients in the cohort; green line). Lower tercile (density ≤ 1/3 of patients in the cohort; blue line). 

Log-rank (Mantel-Cox) test.  
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6.3.6 Combined TAM/TIL-associated gene signature and patient 

survival 

To assess whether the high correlation with CD3+CD8+ TILs could explain the 

survival advantage observed in patients with increased number of 

CD68++CD163+ TAMs, patients were stratified into different groups with their 

combined cell density and immune cell ratio (Figure 6.3.15A); however, no 

survival differences were observed (Figure 6.3.15B).  

 

Figure 6.3.15 Stratification of patients with TAM and TIL combined density 
and ratio 

(A) Patients (n=43) were stratified into four groups with median densities of CD68++CD163+ 

TAMs and CD3+CD8+ TILs as cut-offs. (B) Patients overall survival was interrogated between 

the four groups, or (C) The T-cell to macrophage ratio of each patient was determined. Patients 

were then stratified into three equivalent groups (Upper, middle and lower tercile) for survival 

analysis 
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Gene signatures of the two populations were compared to investigate a 

possible interaction between the two cell types (Figure 6.3.16). The co-

existence of CD68++CD163+ TAMs and CD3+CD8+ TILs in the same TME was 

characterised by an enhanced signature of immune signalling (#A, Figure 

6.3.16) and a negative association with cell cycle-related genes (#D-F). These 

results indicate that strong overall immunity can be found in the tumours where 

the two cell populations were abundant; however, this did not have any 

influence on patient survival (Figure 6.3.15B). The CD68++CD163+ TAMs were 

characterised with a unique IL-4/IL-13 and extra-cellular matrix associated 

signalling (#B), whilst the CD3+CD8+ T cells correlated with the activation of 

TCRs, interaction with chemokines and, interestingly, with PD1 signalling (#C). 

These findings suggest that the functional status (e.g. activated or exhausted) 

of the CD3+CD8+ cytotoxic T cells might be important to take account of in 

addition to the overall density.  

CD3+

CD8+

CD68++

CD163+
# Associated pathways

FDR

<0.05

P P A
1. Immune system*

2. Signalling by Interleukins* (IL-2 / 10 / 21)

3. Cytokine signalling in immune system*
Y

P B
1. Degradation of extracellular matrix* (MMP9/14)

2. IL-4 and IL-13 signalling*
Y

P C

1. Translocation of ZAP-70 to Immunological 

synapse*

2. PD1 signalling (PDCD1LG2/CD247)

3. Phosphorylation of CD3 and TCR zeta chains 

4. Chemokine receptors bind chemokines 

Y

N D
1. Cellular response to hypoxia

2. Cell cycle 

N N E
1. Cell cycle

2. Transcription of E2F targets

N F

1. DNA methylation

2. RNA polymerase I promoter opening

3. Activation of matrix metalloproteinases

(MMP2/8/13/15)
 

Figure 6.3.16 Environmental gene signatures of CD68++CD163+ TAM and 
CD3+CD8+ TILs 

Red: genes with positive (P) correlations with cell density. Blue: negative (N) correlations. White 

(- -): no correlations, unique signatures of either cell populations. Associated pathways identified 

with the Reactome database. *: FDR<0.05 (Benjamini-Hochberg).  
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To understand the global change in the TME which contains different immune 

cell components, principal component analysis (PCA) was performed on the 

gene signature data (Figure 6.3.17 and Appendix 5).  

The M1-like TAMs (CD68+IRF8+ and CD68+) clustered more closely with each 

other compared to other M2-like TAM populations (Figure 6.3.17A). The 

CD68+CD163+CD206+ TAMs were more closely associated with 

CD68+CD163+ TAMs than with the CD206+ (CD163-) populations as shown in 

Figure 5.3.6 and Figure 5.3.7. Interestingly, the CD68+IRF8+ and 

CD68++CD163+ TAMs, as well as the CD3+CD8+ and CD3+CD4+FOXP3+ 

TILs, that had either high density correlations in the tumour Core (Figure 6.3.6 

and Figure 4.3.9) or relevance to survival (Figure 4.3.7 and Figure 6.3.14), were 

not all clustered together (Figure 6.3.17A). The CD3+CD8+ TILs shared an IFN-

γ signature with the CD3+CD4+FOXP3+ TILs (Figure 6.3.13) and an enhanced 

immune signalling with the CD68++CD163+ TAMs (Figure 6.3.16) which may 

explain their clustering in a PCA plot. The CD68+IRF8+ TAMs were associated 

with increased inflammation, IL-1 signalling and apoptosis, and were, therefore, 

separated from the others (Figure 6.3.17B and Appendix 5).  

 

 

Figure 6.3.17 PCA of TAMs and TILs with population gene signatures 

(A) Dashed circle and arrow in grey: immune cell populations identified with the most relevance 

with OS in the survival screen. (B) Schematic relationship between the cell populations. 
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These data suggest that, although different immune cells may show significant 

density correlations (CD68++CD163+ and CD68+IRF8+ TAMs; Figure 4.3.8) or 

have similar survival association with outcome (CD68++CD163+ TAMs and 

CD3+CD4+FOXP3+ TILs; Figure 4.3.7 and Figure 6.3.14), the reasons or 

mechanisms behind these observations may not be identical and investigating 

the signalling pathways in the TME might be informative.  

To further obtain an overview of the innate and adaptive immune landscape of 

gastric cancer, seven major pathways, with known macrophage functions based 

on the literature137, 183, 190, 240, 307, were identified (Appendix 6A). The enrichment 

of genes in each pathway was examined for each immune gene signature 

(Figure 6.3.18 and Appendix 6B-D).  

Overall, the TAMs were more associated with EMT and Stromal-related 

pathways, whereas the TILs were correlated with active immune responses 

(Immune and Antigen presentation). Surprisingly, the M1-like CD68+IRF8+ 

signature had a minimal correlation with immune responses, suggesting that 

these macrophages may be functionally suppressed despite being enriched for 

cell death/cell cycle-related genes. On the other hand, the M2c-like 

CD68++CD163+ TAMs had the highest enrichment in active immunity and 

antigen-presenting capability among all the TAMs which were accompanied by 

an elevated extra-cellular matrix degradation signature. These results suggest 

that, despite the expression of the M2-like marker, CD163, the overall effect of 

this TAM population may be anti-tumoural. The high correlation of this 

population with the CD3+CD8+ TILs suggests that the TAMs might have been 

activating the cytotoxic T cells by presenting them with tumour antigens, 

clearing the way for them by degrading the cellular matrix leading to the 

enhancement of cell death and a reduced cell cycle-related signatures of the 

CD3+CD8+ TILs. 
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Figure 6.3.18 Association of immune populations to pathway categories 

Enrichment of gene in each pathway determined for each immune environmental gene 

signature. EMT: Epithelial–mesenchymal transition. A: M1-like TAMs. B: CD163+ (CD206-) 

TAMs. C: CD206+ (CD163-) TAMs. D: CD163+CD206+ TAMs. 
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6.4 Discussion and Conclusions 

6.4.1 Spatial and transcriptomic relationship between the TAMs 

and TILs 

This Chapter constitutes a natural progression from the findings reported in 

Chapters 4 and 5 that showed TIL-associated genes and spatially distributed 

lymphocyte-like cells were found to correlate with in situ characterised TAMs. 

An additional multiplex IHC panel was designed to characterise the TIL 

landscape within the OPAL staining cohort (§3.3.1). TIL population densities 

and their distances to tumour cells were investigated and compared with the 

TAM results. Overall, TAMs and TILs were found to be positively correlated 

within the same tumour. This result suggests that both innate and adaptive 

immune systems were present simultaneously in the tumour, which categorises 

the patients into immune “hot” or “cold”537, 538. However, the majority of the TILs 

were excluded from the tumour-nest except for the CD3+CD4+FOXP3+ 

regulatory T cells, along with the CD68+IRF8+, CD68++CD163+ and 

CD68+CD206+ TAMs. This pattern of co-localisation suggests that the 

microenvironment surrounding the tumour cells may be more inflamed and 

immune active (CD68+IRF8+ and CD68++CD163+ TAMs), but were also 

accompanied by a higher degree of immune suppression (CD3+CD4+FOXP3+ 

TILs and CD68+CD206+ TAMs). 

The GC molecular subtype was identified as a major influencing factor 

associated with enhanced immune infiltration in our cohort. The EBV/MSI 

patients had an overall 43% enhancement in the infiltration depth of the immune 

cells compared to the GS/Others subtypes, which might explain their improved 

survival outcome. Interestingly, this enhanced migration toward tumour cells 

was not related to the total number of infiltrating cells in a sample. Previous 

studies have reported that EBV/MSI subtypes were enriched in immune 

signalling31 which infer the immune cell density in these tumours were higher; 

however, these studies analysed whole-tumour-derived samples without 

consideration of a relative spatial location in situ.  
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In addition to defining tumours into immune “hot” and “cold” based on their 

overall density, the distribution pattern of immune cells in the microenvironment 

of solid tumours can be divided into “homogeneous” or “excluded” based on 

their relative distribution to tumour cells537, 538 (Figure 6.4.1). In a tumour with a 

“homogeneous” tumour-immune distribution pattern, the nearest distance of 

immune cells to tumour cells will be shorter compared to the ones with an 

“excluded” pattern (Figure 6.4.1). This difference can be identified using the 

spatial analysis tool developed in this study and was described as having an 

enhanced immune infiltration depth into the tumour-nest (Figure 6.3.9).  

 

Figure 6.4.1 Tumour-immune cell distribution pattern 

Homogeneous tumour-immune distribution pattern will increase the likelihood of immune cells 

been included in a piece of randomly acquired sample and be interpreted as having higher 

overall immune cell number compared to the patients with an excluded distribution pattern. 

 

Compared to the whole-tumour-derived methods31, especially between patients 

with similar total amounts of immune infiltrates but with different distribution 

patterns, a “homogeneous” tumour will increase the likelihood of immune cells 

being included in a randomly acquired sample (Figure 6.4.1). This may be 

interpreted as having a higher overall immune cell number compared to the 

patients with an “excluded” distribution pattern. In this study, the increased 

proximity of immune cells to tumour cells was found to be able to identify 

Homogeneous Excluded

Nearest distance 

compared

Tumour cells Immune cells Random acquisition views
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patients with improved OS independently of cancer subtype (Figure 4.3.7 and 

Appendix 1 FigureS5). These results suggest that the distribution of cells may 

explain why cancer subtype or immune signatures were not precise biomarkers 

for patient survival prediction and their response to therapy in GC126.  

Collectively, the data from this study suggest that taking a biopsy may not be 

fully representative of the heterogeneous immune content of the whole tumour. 

Tumour-nest sampling could be optimal in determining a patient’s immune 

status because it reflects a depth of immune penetration. Samples from 

adjacent stromal components, if applicable, may (i) improve the accuracy in 

identifying the patients with immune “excluded” patterns compared to overall 

immune cold patients, and (ii) provide a more precise evaluation of the TME as 

different immune cells have locational preferences. 

The multiplex TIL panel staining confirmed that the pSTAT6+ non-macrophage 

cells resembled the TILs in both morphology and distribution patterns within the 

TME. Using the spatial and transcriptomic signature of the TAMs and TILs 

generated in this study, the TAMs were found to be associated with EMT, 

stromal and cell cycle-related pathways whilst the TILs were associated with 

active immune signalling. The relationship between different TAM and TIL 

populations could be described spatially, relative to tumour cells at µm scale, 

and transcriptomically on a global tumour level. However, it was difficult to 

investigate in detail to why the CD163+ TAM populations were more abundant 

within the pSTAT6+ cell enriched regions (Figure 5.3.24) since the exact spatial 

distribution data between the TAMs and TILs to tumour cells were collected on 

different tissue sections. The co-staining of immune markers on the same tissue 

section is required for a more detailed analysis. 

6.4.2 Influence of TAMs and TILs on patient survival relevance 

The relevance of cell density and gene expression on survival was also 

investigated in this Chapter. Surprisingly, the CD3+CD4+FOXP3+ regulatory T 

cell was identified to be the most strongly associated with improved survival 

compared to all the other immune populations. The shared IFN-γ signalling of 

this population with the CD3+CD8+ TILs might be an explanation; however, the 

regulatory T cells also exhibited an IFN-γ regulation and cell senescence 
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signature539. These results may indicate dual functionality540 or mixed 

populations536 within the CD3+CD4+FOXP3+ TILs. Indeed, IL-12 has been 

shown to stimulate CD4+FOXP3low T cells to produce more IFN-γ541 in vitro 

compared to the CD4+FOXP3high T cells536. This evidence suggests that, similar 

to TAMs, the complexity of the regulatory T cell populations542 may not be easily 

deconvoluted with a single stain for FOXP3 and additional markers are needed 

to identify their subpopulations542-544 (This is being pursued by other 

researchers in my lab independently). 

The CD68++CD163+ TAMs were found to be associated with improved patient 

survival in our cohort (Figure 4.3.7). The CD68++CD163+ TAMs and the 

CD3+CD8+ TILs were the most highly correlated pair in both tumour-nest and 

stroma, suggesting that their co-existence may be independent of the presence 

of tumour cells. Importantly, the abundance of these TAMs and TILs in the 

tumour correlated with multiple enhanced immune-associated pathways; 

however, this was not predictive of patient survival. A more detailed analysis of 

their population-associated-gene-signatures revealed that PD1 signalling could 

be important in defining the activation status of the CD3+CD8+ TILs. The 

CD68++CD163+ TAMs, contrary to the currently accepted M2-like properties, 

were associated with upregulated immune cytokines and antigen-presentation 

that might be assisting the CD3+CD8+ TILs in keeping tumour cells in check. 

However, additional functional markers are required in the same multiplex IHC 

panel to test this hypothesis. 

6.4.3 Summary 

In summary, the work in this Chapter showed that TILs can be successfully 

identified and characterised. Their spatial and transcriptomic relationship with 

TAMs were investigated. A high density-correlation of the CD3+CD8+ TILs with 

the CD68++CD163+ TAMs was identified within both tumour-nest and stroma 

suggesting a possible interaction between these immune populations.    



190 
 

Chapter 7 : Evaluation of interactions between 

the CD68++CD163+ TAMs and CD8+ TILs 

7.1 Introduction 

From the results in Chapter 6, the CD68++CD163+ TAMs were found to be 

highly correlated with CD3+CD8+ TILs in both the tumour-nest and stroma 

(Figure 6.3.10). It was thought at first that this correlation may explain the 

favourable survival associated with this TAM population; however, no survival 

benefit was observed with CD3+CD8+ TIL density alone or in combination with 

the CD68++CD163+ TAMs. Results suggested that staining of both immune 

populations on the same section, along with functional markers, was important 

in determining their interaction and impact on the tumour microenvironment 

(TME) and for investigating their clinical relevance. From the gene-signature 

analyses between these TAMs and TILs, PD1 signalling was identified as a 

potential target for the CD3+CD8+ TILs (Figure 6.3.16); however, appropriate 

functional markers for the CD68++CD163+ TAMs have not yet been identified.  

PD1 is an inhibitory receptor which is upregulated on active T cells post antigen 

stimulation and is a major component of immune checkpoint therapies in 

cancer97. PD1 expression has been shown to increase on CD8+ TILs with 

enhanced granzyme B production reflecting their state of activation545, 546. 

However, in an environment of persistent antigen exposure, such as cancer, 

high PD1 expression was found on CD8+ T cells and was associated with loss 

of T cell effector functions termed “exhaustion”111. Based on these properties, 

PD1 was selected as the functional marker for the CD3+CD8+ TIL population 

for further study. 

This Chapter aims to identify a marker for the CD68++CD163+ TAMs which will 

allow for further investigation into possible mechanisms underlying their 

association with improved survival, their ambiguous M1/M2-like properties, and 

possible interaction with the CD3+CD8+ TILs, utilising PD1 as a functional 

marker for the TILs. 
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7.2 Aims 

Aim 1: To investigate possible reasons underlying the positive association of 

CD68++CD163+ TAMs with improved patient survival 

Aim 2: To identify a functional marker for CD68++CD163+ TAMs 

Aim 3: To investigate the spatial relationship between the CD68++CD163+ 

TAMs, CD8+ TILs and functional markers 

Aim 4: To investigate the clinical relevance of different immune cell populations  

 

7.3 Results 

7.3.1 Identification of NOX2 as a potential functional marker for 

TAMs 

Based on the observation that the CD68++CD163+ macrophages (presumably 

M2-like) were associated with favourable survival and the CD68+IRF8+ 

(presumably M1-like) macrophages were not (Figure 4.3.7 and Appendix 1 

Figure 4D), the genes inversely correlated  between these TAM populations and 

their associated pathways were identified with Reactome410 (Figure 7.3.1; 

methods described in Chapter 5). These genes confirmed the previous findings 

(Figure 6.3.18), showing that CD68+IRF8+ TAMs are more associated with 

increased apoptosis-related genes whilst the CD68++CD163+ TAMs correlated 

with upregulated antigen presenting properties.  

Cytochrome b beta (CYBB; Figure 7.3.1B), also known as the nicotinamide 

adenine dinucleotide phosphate H (NADPH) oxidase 2 (NOX2) gene, was the 

gene most highly associated with the pathways identified for the 

CD68++CD163+ TAMs, and had the highest correlation with improved GC 

survival (Figure 7.3.2 and Appendix 7). This NOX2 gene encodes a membrane-

located protein gp91phox, a subunit of the NADPH oxidase (Figure 7.3.3) which 

is responsible for generating reactive oxygen species (ROS) in macrophages547 

and has been shown to enhance antigen presentation of dendritic cells548-550. 
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Figure 7.3.1 Inverse gene signatures between the CD68++CD163+ and 
CD68+IRF8+ TAM 

(A) Genes and pathways positively correlated with CD68+IRF8+ TAMs and negatively with 

CD68++CD163+ TAMs were identified with Reactome. (B) Reverse correlations of (A). 

Red/Blue: gene expressions positively/negatively correlated with increased TAM densities as 

labelled. 

Gastric cancer - Overall survival

Combined1 MAUGIC2 South Korean3

Median survival (month) Upper quartile (month)

high 27.9 high 36.4 high 26.27

low 17.4 low 27.8 low 20.13

0 20 40 60 80 100

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

203923_s_at NOX2 (CYBB)

Time (months)

P
ro

b
a

b
ili

ty

Expression
low
high

Number at risk
178 131 97 82 46 6low
105 77 69 53 26 1high

HR = 0.76 (0.51 − 1.12)
logrank P = 0.16

0 20 40 60 80 100 120

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

203923_s_at NOX2 (CYBB)

Time (months)

P
ro

b
a

b
ili

ty

Expression
low
high

Number at risk
25 18 9 5 1 0 0low
68 43 32 25 17 9 3high

HR = 0.65 (0.39 − 1.09)
logrank P = 0.097

0 50 100 150

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

203923_s_at NOX2 (CYBB)

Time (months)

P
ro

b
a

b
ili

ty

Expression
low
high

Number at risk
296 54 15 0low
297 86 26 1high

HR = 0.67 (0.55 − 0.81)
logrank P = 4.8e−05

 

Figure 7.3.2 Survival relevance NOX2 (CYBB) on GC overall survival 

1: n=593; GSE14210+GSE15459+GSE22377+GSE29272+GSE51105. 2: GSE51105 (n=93). 3: 

GSE62254 (n=283); analysed separately. This cohort has much improved overall patient 

survival due to early-stage screening programs for GC. Upper quartile survival compared due to 

no median survival reached. Log-rank (Mantel-Cox) test. Survival plots generated with KMplot405. 
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To confirm the correlation with NOX2 was not random, genes of other subunits 

of the NADPH oxidase (Figure 7.3.3) were correlated with the cell densities of 

different immune populations (Table 7.3.1). This result showed that 67% (4 out 

of 6) of these subunits were associated with the CD68++CD163+ TAM and 

CD3+CD8+ TIL pair and not with the other immune populations, suggesting that 

this pathway may be important for their combined functions. 
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Figure 7.3.3 Subunits of the NADPH oxidase complex 

 

Table 7.3.1 Correlations of the subunits of the NADPH oxidase complex 

NADPH oxidase (Spearman density/gene correlation) 
Subunit p22

phox

 gp91
phox

 p47
phox

 p67
phox

 p40
phox

 Rac 
gene  CYBA CYBB NCF1 NCF2 NCF4 RAC1/2 

M
a

c
ro

p
h

a
g
e
 

CD68+IRF8+ 0 -0.349 0 0 0 0 
CD68+ 0 0 0 0 0 0 

CD68+CD163+ 0 0 0 0 0 0 
CD68++CD163+ 0.35 0.423 0 0.375 0 0 
CD68+CD206++ 0 0 0 0 0 0 
CD68+CD206+ 0 0 0 0 0 0 

CD68+CD163+CD206+ 0 0 0 0 0 0 

T
 c

e
ll  

CD3+DN 0 0 0 0 0 0 
CD3+CD8+ 0 0.449 0 0 0.409 0 
CD3+CD4+ 0 0 0 0 0 0 

CD3+CD4+FOXP3+ 0 0 0 0 0 0 
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These data suggest that the improved patient survival observed with the 

CD68++CD163+ macrophages may be due a NOX2-associated enhancement 

of antigen-presentation to the CD3+CD8+ T cells, whose functional status could 

be defined by their PD1 expression. To test this hypothesis, a multiplex NOX2 

panel was designed which incorporated CD68 and CD163 to identify TAMs, 

CD8 to identify TILs, AE1AE3 for tumour cells and with NOX2 and PD1 as 

functional markers for the TAMs and TILs, respectively (Figure 7.3.4 and Table 

2.2.3).  

The multiplex NOX2 panel was optimised with positive controls of each antibody 

and the NOX2 staining was found to be expressed on normal human liver 

macrophages (co-stained with CD68 and CD163; Figure 7.3.4A) but not on 

other liver cells. Some NOX2+ non-macrophages were present in normal 

human tonsil (Figure 7.3.4A) and in the GC tissue (referred as NOX2+ in Figure 

7.3.4B and Figure 7.3.5). These cells could possibly represent dendritic cells550, 

neutrophils551 or myeloid-derived suppressor cells552 (MDSCs; only in the 

tumour). The OPAL study cohort was stained with this panel, and images 

were acquired and phenotyped as different cell populations using methods 

described in Chapter 3. Visually and statistically, the CD68++CD163+ TAMs 

were found to express enhanced NOX2 at the protein level (Figure 7.3.4B and 

Figure 7.3.5), supporting the gene-expression data and the hypothesis that the 

CD68++CD163+ TAMs are associated with NOX2 signals in the tumour 

microenvironment.    
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Figure 7.3.4 Representative images of the multiplex NOX2 panel 

(A) Composite and single-stained IHC images optimised NOX2 and PD1 antibody on positive 

control tissues. (B) Composite image and cell populations identified with the optimised multiplex 

NOX2 panel. 
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Figure 7.3.5 Marker signatures and representative images of cell types 
identified with the multiplex NOX2 panel 

(A) Combined marker signatures of the cell populations identified with the multiplex NOX2 panel. 

NOX2+ cells are defined as non-macrophage cells expressing NOX2, may represent dendritic 

cells550, neutrophils551 or myeloid-derived suppressor cells552. Negative cells are the other cells 

in (B) and (C) that are without any expressions in all markers used in the panel. (B) 

Representative single-cell composite and single-stained IHC images of each cell population. 

Scale bar: 10 µm. (C) NOX2 intensity compared between different cell populations. Bar and 

error bars represent mean ± SD. Each point represents one patient. **p<0.01, ***p<0.001 and 

not significant (n.s.) comparing between cell populations. Mann-Whitney U test. 
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7.3.2 Validation between multiplex TAM, TIL and NOX2 panels 

In previous Chapters, the TAM (Chapter 3) and TIL (Chapter 6) populations 

were characterised on separate tissue sections from the same patients. To 

ensure conformity of results generated from different tissue sections from the 

same patient tissue block (Appendix 8), different variables (e.g. density, 

distance, survival groupings) determined for the CD68++CD163+ TAMs and the 

CD8+ TILs characterised with the multiplex NOX2 panel were compared with 

the results of the multiplex TAM and TILs panels,. 

The results showed that the densities of the CD68++CD163+ TAMs and CD8+ 

TILs, identified using the multiplex NOX2 panel, were consistent with the 

previous TAM/TIL panels (Appendix 8A and E). There were no differences 

between their median distances to tumour cells identified between panels 

(Appendix 8B and F). Their survival association results were identical. The 

TAMs were associated with an improved patient survival while the TILs were 

not (Appendix 8C and G). The groupings of the individual patients in the survival 

groups were compared and only 6 out of 46 patients had discordant results 

(13%; Appendix 8D and H), reflecting the heterogeneity of immune densities 

between different slides from the same block553. In conclusion, the validation 

data of different variables between mIHC panels suggest that the methods 

developed and the results generated in this study were reproducible and 

comparable.  

7.3.3 Distribution of multiplex NOX2 panel-characterised cells 

To investigate the relationships between the CD68++CD163+ TAMs and CD8+ 

TILs, the density and distance between cell populations were calculated and 

compared (Figure 7.3.6). Overall, there were more TAMs (all CD68+) than 

CD8+ TILs in the tumour Core (Figure 7.3.6A and B); the CD68++CD163+ 

TAMs accounted for a median 15.3% of all TAMs and 13.3% of the CD8+ TILs 

were PD1+ (Figure 7.3.6C and D), showing that these cells of interest were not 

the predominant immune populations by number within the tumour 

microenvironment. 
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When comparing the median distance of cell populations to tumour cells 

(defined in Figure 3.3.12), the CD68++CD163+ TAMs were the closest 

(16.62µm, within the tumour-nest; Figure 7.3.6E). The CD8+ TILs, irrespective 

of their PD1 status, were preferentially located beyond 20µm of a tumour cell. 

This finding was similar for the non-CD8 PD1+ cells (CD8-PD1+), possibly 

representing other non-cytotoxic T cells554 (Figure 7.3.6E).  
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Figure 7.3.6 Characteristics of TAMs and TILs in the tumour Core 

(A) Density and (B) percentage of TAMs and TILs in both TAMs and TILs and in (C-D) individual 

populations. (E) Median distance of cell populations to tumour cells. Box and whiskers 

represent mean ± 10-90 percentile. Each point represents one patient. ***p<0.001 comparing 

between cell populations. (F) Distribution of TILs between tumour areas. Error bar: SEM. P-

value comparing between tumour areas. Dashed line: 50%. Mann-Whitney U test.   
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Further characterisation did not identify any differences in the spatial distribution 

of the CD8+PD1-, CD8+PD1+, and the CD8-PD1+ cells between the tumour-

nest and the stroma (Figure 7.3.6F). However, higher PD1, as well as NOX2 

intensity, on the corresponding TILs and TAMs, respectively, were observed 

within the tumour-nest (Figure 7.3.7). These data suggest that the PD1 positivity 

on TILs was not related to their proximity to tumour cells but might be related to 

other factors within the tumour-nest.  

 

Figure 7.3.7 NOX2 and PD1 expression on TAMs/ TILs between tumour-
nest and stroma 

NOX2 or PD1 expression was determined for defined cell types within the tumour-nest (T) and 

stromal (S) compartment of the OPAL study cohort (n=45). Dashed lines represent paired 

patient samples. Table shows the median intensity and ratio of the functional markers within 

and between tumour areas. *p<0.05 and ***p<0.001. Mann-Whitney U test. 
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To investigate if the co-existence of TAMs and TILs was associated with 

elevated PD1 expression on CD8+ TILs, their density correlations in the tumour 

Core were compared within the multiplex NOX2 panel (Figure 7.3.8). The cell 

density of CD68++CD163+ TAMs was found to correlate with the NOX2+ non-

macrophages, all the other TAM populations, and the total number of the CD8+ 

TILs (Figure 7.3.8). Interestingly, the CD68++CD163+ TAMs were found to be 

highly correlated with the CD8+ TILs positive for PD1 (CD8+PD1+) but not with 

the PD1-negative population (CD8+PD1-; yellow squares in Figure 7.3.8). In 

contrast, the CD68+CD163+ TAMs correlated only with the CD8+PD1- TILs and 

not with the CD8+PD1+ TILs (yellow squares; Figure 7.3.8A). These findings 

were confirmed by correlating the TIL densities of the multiplex NOX2 panel 

with the TAM and TIL specific panels (yellow squares in Figure 7.3.8B).  

When comparing the density correlations of the PD1+ cells with the other TAM 

populations in the multiplex TAM panel, the CD8-PD1+ cells significantly 

correlated with the CD68-only, CD68+CD206++ and the 

CD68+CD163+CD206+ TAMs (Figure 7.3.8B), which were the populations with 

the highest PDL1+ densities and expression in the tumour microenvironment 

identified in this study (Figure 4.3.12). This suggested possible interactions 

between these populations and that the patients with high number of these 

immune populations might be potential candidates for checkpoint therapies 

targeting PDL1/PD1.  

However, the CD68+CD206+ TAMs, which were largely PDL1+, did not 

correlate with any of the other PD1+ populations (Figure 7.3.8B). This suggests 

that despite the presence of PDL1, this TAM population may be immune 

suppressive through a PD1/PDL1 independent mechanism (e.g. IL-6; related to 

Figure 5.3.4). The CD8+ TILs and PD1+ cells identified with the multiplex NOX2 

panel were all positively correlated with the majority of TILs in the T cell specific 

panel (Figure 7.3.8B), supporting previous findings that the different T cell 

populations might function or were recruited into the microenvironment as a 

group (Figure 6.3.10).  
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Figure 7.3.8 Cell density correlations of the multiplex NOX2 panel 

(A) Density correlation of cell populations within the multiplex NOX2 panel. n=45. Correlation 

coefficients are as labelled in each cell. (B) Density correlation of cells identified with the 

multiplex NOX2 panel with the cells identified with the TAM and TIL panels. n=43. 

Red/White/Blue: Above/at/below median value. All CD8+: CD8+PD1- plus CD8+PD1+. All PD1+: 

CD8+PD1+ plus CD8-PD1+. Black: high correlation due to cell grouping methods. Grey: 

correlation with its own density. Yellow square: correlation between the CD8+PD1± TILs and 

the CD68+(+)CD163+ TAMs. *: p<0.05. Spearman correlation.  
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7.3.4 Refining CD68++CD163+ TAMs with NOX2 intensities 

The CD68++CD163+ TAMs were found to possess an elevated NOX2 

expression (Figure 7.3.5A) and their positive correlation with the CD8+PD1+ 

TILs (Figure 7.3.8) may support the hypothesis that the NOX2 pathways are 

important for their combined functions. However, not only did the intensity of 

NOX2 on CD68++CD163+ TAMs vary between patient samples (Figure 7.3.5C) 

but also not all TAMs expressed similar amount of NOX2 (Figure 7.3.5B). These 

data suggest that the expression of NOX2 on this TAM population was 

heterogeneous and an additional separation of TAMs based on their NOX2 

intensities was required to refine TAM phenotypes.  

In order to use NOX2 expression to more precisely phenotype TAMs, the 

minimum NOX2 intensity of the NOX2+ non-macrophage cells of each patient, 

corresponding to their visual positive staining, was used as individual baseline 

levels for defining the NOX2 positivity of TAMs in each sample (Figure 7.3.9A). 

In addition, the median intensity of the NOX2+ non-macrophage cells in the 

staining cohort was used as a reference to compare between different patient 

samples and to further divide the NOX2-positive TAM population into High and 

Low-expressing subgroups (Figure 7.3.9A).  

The results showed that TAMs with different NOX2 positivity could be found 

within each patient sample but the majority of the CD68++CD163+ TAMs were 

grouped as NOX2-positive (Figure 7.3.9B), with a ratio of POS to NEG around 

3:1 (Figure 7.3.9B). However, the majority (86%) of the POS CD68++CD163+ 

TAMs were NOX2Low and only 14% were NOX2High (Figure 7.3.9C). The 

expression of NOX2 on the CD68++CD163+ TAMs was independent of GC 

subtypes (Figure 7.3.9D), a factor that was found to significantly influence 

immune infiltration depth and PDL1 expression in patient samples in this study 

(§6.3.4, §4.3.8 and §4.3.9). 
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Figure 7.3.9 NOX2-expression refined CD68++CD163+ TAM 

(A) NOX2-expression criteria used for refining CD68++CD163+ TAMs into NOX2-negative, high 

NOX2-positive and low NOX2-positive subpopulations. (B) Percentage of NOX2-positive and 

negative TAMs in all CD68++CD163+ TAMs in each patient sample (n=45). Median percentage 

of each group as labelled. (C) Percentage of High and Low NOX2-expressing TAMs in all 

NOX2-positive TAMs (n=44; one patient had no NOX2-positive TAMs). (D) Density of NOX2-

definded TAMs between different GC subtypes. Bar and error bars represent mean ± SD. Each 

point represents one patient. Number of patients in each group are labelled. ***p<0.001 

comparing between TAM populations and GC subtypes. Mann-Whitney U test. 

 

  



204 
 

7.3.5 NOX2 intensity-refined TAM density correlation 

The density correlations with the NOX2-refined CD68++CD163+ TAMs was 

then compared with the other cell populations within the multiplex NOX2 panel 

(Figure 7.3.10). The NOX2+ non-macrophage cells significantly correlated with 

the NOX2+ TAMs (POS), albeit with different intensities, suggesting that the 

induction of NOX2 was systemically increased in the tumour; however, it was 

not associated with cancer subtypes (Figure 7.3.9C).  

The NOX2-negative CD68++CD163+ TAMs had no correlation with any of the 

other cell types other than the total number of CD68++CD163+ TAMs (Figure 

7.3.10A). Interestingly, the NOX2-positive TAMs significantly correlated with the 

CD8-PD1+ cells and all CD8+ TILs (irrespective of their PD1 status; Figure 

7.3.10A). Within the CD8+ TIL population, CD68++CD163+ TAMs have higher 

density correlation with the PD1+ than the PD1- TILs; more importantly, these 

correlations between the TAMs and CD8+ TILs (irrespective of their PD1 status)  

were found to elevate as the NOX2-expression on TAMs increased (Figure 

7.3.10B). These results showed that the PD1 expression on CD8+ TILs 

positively correlated with the NOX2 intensity on the CD68++CD163+ TAM and 

the two populations co-exist within the same tumour. Collectively, these data 

suggest that the systemic elevated NOX2 in the tumour could be immune 

related. 
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Figure 7.3.10 Density correlations of NOX2-refined CD68++CD163+ TAMs 

(A) Density correlation of NOX2-intensity-refined CD68++CD163+ TAM populations with other 

cell types identified with the multiplex NOX2 panel. Red/White/Blue: Above/at/below median 

value. POS: High.POS plus Low.POS. Black: high correlation due to cell grouping methods. (B) 

Correlation between the CD68++CD163+ TAMs of different NOX2 intensities with CD8+ TILs of 

different PD1 positivity. Arrow: increased correlation as NOX2 expression on TAMs increased. *: 

p<0.05. Spearman correlation. Correlation coefficients are as labelled in each cell. 
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7.3.6 Functional marker expression on TAMs and TILs in 

proximity 

Findings from the previous sections identified (i) a tumour-independent density 

correlation between the CD68++CD163+ TAMs and the CD3+CD8+ TILs in the 

tumour-nest and stroma (Figure 6.3.10) and (ii) the co-existence of NOX2-

expressing CD68++CD163+ TAMs and PD1-expressing CD8+ TILs within the 

same tumour (Figure 7.3.10). However, the median distance between the 

CD68++CD163+ TAMs (RC) to CD8+PD1+ TILs (NC) was 82.3µm (66.2µm for 

the reverse comparison; Figure 7.3.11A), which was much further than their 

respective distances to tumour cells (16.62 and 21.83µm for the TAMs and TILs, 

respectively; Figure 7.3.11A and Figure 7.3.6D). Therefore, the high density 

correlation between the NOX2-expressing CD68++CD163+ TAMs and PD1-

expressing CD8+ TILs may have been a random event that occurred in the 

same tumour.  

To investigate if these functional markers (NOX2 and PD1) changed when the 

TAMs and TILs come in close contact, both cell types were used as reference 

cells (RCs) to calculate their distances to their corresponding nearest cells (NCs; 

Figure 7.3.11B). A distance of 50 µm was defined as the maximum diffusion 

distance of cytokines based on the literature476-478. Using this distance as 

threshold, the expression of functional markers on the TAMs and TILs within 50-

60 µm was used as the baseline level of marker positivity for the corresponding 

cells. The marker intensity in each 10 µm increment of proximity (starting from 0) 

was compared (i) to the marker intensity within the 50-60 µm interval and also (ii) 

to within the 0-10 µm interval (defined as direct contact; Figure 7.3.11B and 

Figure 7.3.12). These comparisons represent (i) the degree of alteration of a 

functional marker when the cells were neared and (ii) when the intensity of a 

functional marker may have plateaued, respectively.  
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Figure 7.3.11 Proximity of NOX2-expressing TAMs and PD1-expressing 
TILs  

(A) Median distance between cell populations. (B) Schematic graph of analysing spatial NOX2 

and PD1 expression on TAMs and TILs. The TAMs and TILs were both used as reference cells 

and the TAM/TIL pairs were identified for each patient (n=45). 1: 50µm was used as the 

maximum cytokine diffusion distance476, 477. 2: TAM/TIL pairs were grouped within each 10 µm 

increments of proximity from 0-10 to 50-60 µm. 3: Patients with absence of pairing data in any 

of the distance intervals were excluded from the paired analysis. 9 patients were excluded when 

TILs (remaining n=36) were used as reference cells. 3 patients were excluded when the TAMs 

were used as RCs (remaining n=42). Functional marker intensities in each distance interval was 

compared with the intensities on corresponding cells within 50-60 µm and with the intensities 

when in direct contact (0-10 µm). 

 

Significant increases of functional markers were observed on the corresponding 

cells when in proximity with each other (Figure 7.3.12and Appendix 9). When 

comparing the change in median PD1 expression on CD8+ TILs when TILs 

were used as RCs (Figure 7.3.12A), PD1 increased approximately 20% when 

the two cell types were in direct contact (0-10 µm) compared to when they were 

50-60 µm apart (Figure 7.3.12A). In addition, when in direct contact, PD1 

expression on TILs was higher than in all other distance intervals compared, 

whose intensity levels showed no difference with 50-60 µm (Figure 7.3.12A). 

When using CD8+ TILs as NCs (Figure 7.3.12B), PD1 on CD8+ TILs was also 

found to increase once they neared the TAMs within 50 µm. More importantly, 

an up to 70% elevated PD1 intensity was found on these TILs when in direct 

contact with the TAMs compared to when 50-60 µm apart and was significantly 
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higher than on the TILs in any other intervals compared (Figure 7.3.12B). These 

results suggest that the strongly enhanced PD1 on CD8+ TILs may have been 

more direct-contact dependent than through cytokine interactions with the TAMs. 

As for NOX2 expression on TAMs, a 30% enhanced NOX2 was found on TAMs 

when analysed as RCs and comparing the direct contact pairs to the ones 

within 50-60 µm (Figure 7.3.12C). This gradual increase in NOX2 intensity was 

observed once the TAMs and TILs were within 50 µm of proximity and reached 

maximum expression within 20 µm with each other (10-20µm; Figure 7.3.12C). 

Interestingly, only subtle changes in NOX2 expression were found on TAMs 

when used as NCs in different distance intervals (Figure 7.3.12D). These 

results indicate that the changes in NOX2 expression on TAMs were related to 

their proximity with TILs which could be associated with paracrine or autocrine 

release of cytokines, and NOX2 expression plateaued before the cells came 

into direct contact (0-10µm). These findings could also infer that one TIL may 

not be sufficient to induce the NOX2 expression on a TAM (Figure 7.3.12D), but 

one TAM was sufficient to enhance the PD1 expression on a TIL (Figure 

7.3.12B).  

In summary, current data in this Chapter showed that (i) both the NOX2-

expressing CD68++CD163+ TAMs and PD1-expressing CD8+ TILs co-existed 

in the same tumour (Figure 7.3.10) and that (ii) the expression of these 

functional markers increased on corresponding cell types as the TAMs and TILs 

were located in close proximity with each other (Figure 7.3.12). 
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Figure 7.3.12 Functional marker expression on TAMs and TILs in 
proximity 

Median PD1 expression (numbered with each point) on CD8+ TILs (blue) when TILs were used 

(A) as reference cells (RCs; green underlined) or (B) as nearest cells (NCs; green italic). Median 

NOX2 expression on CD68++CD163+ TAMs (red) when TAMs were used (C) as RCs or (D) as 

NCs. Lines represent median intensity of NOX2/PD1 expressions on corresponding TAMs/TILs. 

Intensities of the markers on the cells within each distance interval were normalised to the 

intensities within 50-60 µm. Orange: PD1 expression. Yellow: NOX2 expression. Functional 

marker intensities in each distance intervals were compared with the intensities on 

corresponding cells within 50-60 µm and with the intensities when in direct contact (0-10 µm). 

n=36 in (A) and (B). n=42 in (C) and (D). Patient exclusion methods are described in Figure 

7.3.11. Wilcoxon matched-pairs test. *p<0.05, ***p<0.001 and not significant (n.s.) comparing 

marker intensity between distance intervals. 
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7.3.7 Survival relevance of individual TAM and TIL densities 

The results from analysing functional marker differences between cells may 

support the hypothesis that the CD68++CD163+ TAMs and CD8+ TILs may be 

interacting through NOX2/PD1 associated mechanisms. However, while 

CD68++CD163+ TAMs were associated with improved survival (Figure 4.3.7), 

CD3+CD8+ TILs and their combined density with CD68++CD163+ TAMs were 

not (Figure 6.3.14 and Figure 6.3.15). Therefore, patient overall survival was 

evaluated by using of NOX2 and PD1 markers to improve prognostication.     

The overall density and the effective density (0-10µm; related to Figure 4.3.7), 

representing the density of cells in direct contact with a tumour cell, were 

extracted from the data. Overall survival was compared between three patient 

groups that were stratified based on the two different density parameters of cell 

populations identified with the multiplex NOX2 panel (Figure 7.3.13 and Figure 

7.3.14; as described in §4.3.3).  
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Figure 7.3.13 Overall survival based on overall cell density 

Patients were stratified into three groups using the overall densities of different cell populations 

and their overall survival was compared. Upper tercile (density > 2/3 of the patients in the cohort; 

red line), Middle tercile (1/3 < density < 2/3 of patients in the cohort; green line) Lower tercile 

(density ≤ 1/3 of patients in the cohort; blue line). Log-rank (Mantel-Cox) test. 
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Using overall density, the results confirmed the CD68++CD163+ TAM as a 

predictor of improved survival and not the other TAM populations (Figure 7.3.13 

and Appendix 1 Figure S4). With the utilisation of PD1, the increase in 

CD8+PD1+ TILs overall density identified patients with excellent survival whilst 

the CD8+PD1- and CD8-PD1+ populations did not (Figure 7.3.13).  

Using effective density (0-10µm; Figure 7.3.14), the results confirmed and 

validated that this parameter, which reflect both the quantity and infiltration 

depth of intra-tumoural immune cells, was a more reliable selection factor to 

predict patients with good outcome than using overall density (Figure 4.3.7).  

Collectively, these results indicate that revealing the spatial distribution as well 

as the functional status of the TILs was clinically relevant and that these 

putative antigen-experienced CD8+ T cells may be important for patient survival.  
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Figure 7.3.14 Overall survival based on effective density (0-10 µm) 

Patients were stratified into three groups using the Effective density (0-10 µm) of different cell 

populations and their overall survival was compared. Effective density (0-10 µm) represents the 

number of cells that were within 10 µm of tumour cells, defined in Figure 4.3.7. Upper tercile 

(density > 2/3 of the patients in the cohort; red line), Middle tercile (1/3 < density < 2/3 of 

patients in the cohort; green line). Lower tercile (density ≤ 1/3 of patients in the cohort; blue line). 

Log-rank (Mantel-Cox) test. 
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To evaluate whether NOX2 expression could be used to further improve the 

survival prediction of the CD68++CD163+ TAMs, patients were stratified with 

the overall density of NOX2-intensity refined CD68++CD163+ TAMs (Figure 

7.3.15; populations defined in Figure 7.3.9). Interestingly, the results showed 

that including NOX2 did not provide additional survival benefits. It was found 

that the patients who were within the upper-tercile of the study cohort based on 

TAM densities, had not only higher TAM number and improved survival, these 

TAMs also expressed enhanced NOX2 intensity compared to the patients with 

less cell density and poor survival outcome (Figure 7.3.15). 

The findings from this and previous sections showed that: (a) CD68++CD163+ 

TAMs were associated with improved survival (Figure 7.3.13; related to Figure 

4.3.7), (b) the majority (74%) of the TAMs were NOX2-postive (Figure 7.3.9B), 

and (c) different NOX2-expressing TAMs and the overall CD68++CD163+ TAM 

density all had positive density correlations (Figure 7.3.10A).  

Collectively, these data indicate that the abundance of CD68++CD163+ TAMs 

and the elevated NOX2 expression on these TAMs were concurrent events 

within the same tumour microenvironment. These results also suggest that, 

unlike the favourable survival prediction value of PD1 on CD8+ TILs (Figure 

7.3.14), NOX2 was not an additive positive selection factor for the 

CD68++CD163+ TAMs compared to using their overall density to identify 

patients with improved overall and relapse-free survival (Figure 7.3.15).  
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Figure 7.3.15 Survival based on NOX2-refined CD68++CD163+ TAM 
density 

Patients were stratified into three groups using the overall density of CD68++CD163+ TAMs 

with different NOX2 positivity and their overall and relapse-free survival were plotted. Upper 

tercile (density > 2/3 of the patients in the cohort; red line), Middle tercile (1/3 < density < 2/3 of 

patients in the cohort; green line). Lower tercile (density ≤ 1/3 of patients in the cohort; blue line). 

Log-rank (Mantel-Cox) test. (B) NOX2 expression on TAMs in patient groups stratified with TAM 

density. Bar and error bars represent mean ± SD. Each point represents one patient. ***p<0.001 

comparing between patient groups. Log-rank (Mantel-Cox) and Mann-Whitney U test. 

 

7.3.8 Survival relevance of TAM and TIL combined densities 

The combined analysis of TAM and TIL cell density was then used as a 

stratification criterion of patient overall survival (Figure 7.3.16 and Appendix 10; 

methods as described in Figure 6.3.15A). The results showed that the patients 

with high CD68++CD163+ TAM and concurrently high CD8+PD1+ TIL density 

had an improved overall survival (Figure 7.3.16A). This was not seen in 

combination with the CD8+PD1- population (Figure 7.3.16B), nor with the 

combined densities of the CD68+CD163+ TAMs and CD8+PD1- TILs pair 

(Figure 7.3.16C) which also significantly co-localised within the same tumour 

(Figure 7.3.8). The patients abundant intra-tumoural CD68++CD163+ TAMs 

and CD8+PD1+ TILs showed more durable survival without tumour and lower 
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percentage of cancer recurrence which could be one of the reasons for their 

improved overall survival (Figure 7.3.16D). These results indicate possible 

interactions of the CD68++CD163+ TAM and the CD8+PD1+ TIL pair, and the 

co-existence of both cell types at high cell number was required within the same 

tumour to show its effectiveness (High-High group in Figure 7.3.16A and D).  

 

Figure 7.3.16 Survival based on TAM / TIL combined density 

Patients were stratified into different groups with median densities as cut-offs of corresponding 

cell populations and their (A-C) overall survival, (D) relapse-free survival and incidence of 

recurrence were compared. High-High (patients with above median densities of both TAMs and 

TILs). High-Low (HL; patients with above median density of TAMs but below of TILs). Low-High 

(LH; patients with below median density of TAMs but above of TILs). Low-Low (patients with 

below median densities of both TAMs and TILs). Method as described in Figure 6.3.15A. (A-D) 

Log-rank (Mantel-Cox) and (D) Chi-square test. 
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Further stratification of NOX2-postive expression on TAMs (Figure 7.3.17) did 

not provide much additional survival benefit for patient stratification compared to 

using their overall densities (Figure 7.3.16). However, interestingly, a subgroup 

of patients with very poor outcome (Low-Low in Figure 7.3.17) was identified 

with the combined densities of NOX2-negative TAMs with the CD8+ TILs 

regardless of their PD1 status. These data support previous findings (Figure 

7.3.15) that the NOX2 marker did not confer much additive value for the 

CD68++CD163+ TAMs on patients with improved survival as a positive 

selection factor due to the concurrent high density with enhanced NOX2 

expression. However, NOX2 may be used as a negative selection marker to 

identify patients with low immune infiltration, non-activated cell status (NOX2 

and PD1 negative), and therefore, very poor outcome (Figure 7.3.17). 
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Figure 7.3.17 Overall survival based on NOX2-refined TAM / TIL combined 
density 

Patients were stratified into four groups with the median densities of corresponding cells as cut-

offs. Overall survival was interrogated between the combined patient groups. High-High 

(patients with above median densities of both TAMs and TILs). High-Low (HL; patients with 

above median density of TAMs but below of TILs). Low-High (LH; patients with below median 

density of TAMs but above of TILs). Low-Low (patients with below median densities of both 

TAMs and TILs). Log-rank (Mantel-Cox) test. 
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High density correlation was found between the CD68++CD163+ TAMs and 

CD3+CD8+ TILs in both tumour-nest and stroma (Figure 6.3.10) and an 

upregulation of NOX2 and PD1 on TAMs and TILs, respectively, was observed 

when these cells come in close contact (Figure 7.3.12). These data suggest that 

these TAM/TIL pairs in different distances from each other may be functionally 

discrete. To investigate if the co-localisation of the TAMs and TILs was survival 

relevant, patients were grouped based on the number of TAM/TIL pairs in the 

Core and their overall survival between groups was compared. Interestingly, 

unlike the relative distance of TAMs and TILs to tumour cells which showed 

strong indicative values on survival (Figure 4.3.7, Figure 7.3.13 and Figure 

7.3.14), the proximity between the TAMs and TILs was not a reliable selection 

factor to predict patients with good outcome (Figure 7.3.18 and Figure 7.3.19).  
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Figure 7.3.18 Overall survival based on TAM/TIL (RC/NC) pairing proximity 

CD68++CD163+ TAMs were used as reference cell (RC) and the CD8+PD1+ TILs were used 

as nearest cell (NC).Patients were stratified based on the number of TAM/TIL pairs in different 

distance ranges into three groups and overall survival was plotted. Upper tercile (density > 2/3 

of the patients in the cohort; red line), Middle tercile (1/3 < density < 2/3 of patients in the cohort; 
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green line). Lower tercile (density ≤ 1/3 of patients in the cohort; blue line). Log-rank (Mantel-

Cox) test.  
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Figure 7.3.19 Overall survival based on TAM/TIL (NC/RC) pairing proximity 

CD8+PD1+ TILs were used as reference cell (RC) and the CD68++CD163+ TAMs were used 

as nearest cell (NC). Patients were stratified based on the number of TAM/TIL pairs within a 

given range (um) were determined and overall survival was plotted.  Upper tercile (density > 2/3 

of the patients in the cohort; red line), Middle tercile (1/3 < density < 2/3 of patients in the cohort; 

green line). Lower tercile (density ≤ 1/3 of patients in the cohort; blue line). Log-rank (Mantel-

Cox) test. 
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These results indicate that, whilst the co-localisation of TAMs and TILs may 

suggest possible interactions between the immune systems, their relative 

distance or infiltration depth to tumour cells may better describe the enhanced 

immunological processes in the tumour, as indicated with “effective density” 

(§4.3.3, Figure 4.3.7 and Figure 7.3.14). The proximity of immune cells alone 

did not fully account for their spatial distributions in a tumour-orientated setting 

(Figure 7.3.20A). Therefore, these data indicate that the relative distance of 

these TAM/TIL pairs to the tumour cells will need to be determined to assess 

their possible impact on the tumour population (Figure 7.3.20B).  

 

 

Figure 7.3.20 Possible cell distribution patterns in the shared 
microenvironment 

M and T: macrophage and T cell. (A) Different distribution patterns between cells types; Cells 

may be interacting (right) or isolated from each other and with their distribution patterns being 

irrelevant (left) or relevant (middle) to tumour regions (e.g. Core, Edge, Margin; defined in 

Figure 3.1.1) (B) Identification of the Immune/Tumour trios in proximity with each other. 
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7.3.9 Survival relevance of the Immune/Tumour Trio density 

Thus far, positive associations were observed in patient overall survival with 

individual and combined immune cell overall density (Figure 7.3.13, Figure 

7.3.15 and Figure 7.3.16) and with effective density (0-10µm) which reflect the 

quantity and proximity of immune cells to tumour cells (Figure 7.3.14). No 

associations were found with the number of TAM/TIL pairs within the 

microenvironment (Figure 7.3.18 and Figure 7.3.19), suggesting that the 

location of these immune cell pairs to tumour cells, referred as the 

Immune/Tumour trio (Figure 7.3.20B), could be crucial. This parameter 

combines both the cell density and spatial location information in order to 

determine their overall effect on patient survival. 

The Immune/Tumour trio which is comprised of an AE1AE3+ tumour cell, a 

CD68++CD163+ TAM and a CD8+PD1+ TIL (Figure 7.3.20B) was identified in 

each patient (Figure 7.3.21). Three different distance thresholds between 

individual cells were used to define the trios: (i) 10µm was defined as direct 

contact (based on Figure 3.3.15), (ii) the median distance of CD68++CD163+ 

TAMs (16.62µm; identified in Figure 7.3.6C) to tumour cells (referred as Median 

TAM) and, (iii) the median distance of CD8+PD1+ TILs (21.83µm; identified in 

Figure 7.3.6C) to tumour cells (referred as Median TIL). 

The results revealed a large patient-to-patient variation in the number of the 

Immune/Tumour trio (Figure 7.3.21). Due to the low likelihood of the co-

localisation of all three cell types, the average trio density with different distance 

thresholds was below 100 trios per mm2, suggesting that, even when different 

cell types showed significant high correlations in the same tumour (Figure 

6.3.10), not all of them might be co-localised within a short distance that may be 

biologically relevant (Figure 7.3.21). However, a small number of patients 

exhibited up to 1000 trios within their tumour specimen, showing a very strong 

immune infiltration into the tumour-nest and suggesting possible interactions 

between the different cell types (Figure 7.3.21).  
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Figure 7.3.21 Immune/Tumour trio densities with different distance 
thresholds between cells 

Median (TAM): median distance of the CD68++CD163+ TAMs (red) to tumour cells (white). 

Median (TIL): median distance of the CD8+PD1+ TILs (blue) to tumour cells. Triangles above 

the Table correspond to the Immune/Tumour trios as defined in Figure 7.3.20B of different 

distance criteria. Both distance were identified in Figure 7.3.6D. ***p<0.001 comparing between 

distance criteria. Wilcoxon matched-pairs test. 

 

The number of trios was divided by the overall density of each of the tumour cell, 

TAM and TIL, respectively, to control for the differences in cell number between 

populations (Figure 7.3.22A). The trio percentage of each cell type, defined as 

the proportion of cells that was interacting with the other cell populations, was 

compared (Figure 7.3.22B-D). The tumour cells, which dominated the tumour 

Core in number (Figure 7.3.22A), had approximately 0.01% tumour cells (on 

average) engaged directly with the CD68++CD163+ TAMs and CD8+PD1+ 

TILs (Figure 7.3.22B). About 3% and 5% of the CD68++CD163+ TAMs and 

CD8+PD1+ TILs directly engaged within the trios, respectively (Figure 7.3.22B). 

The percentage in each of the cell types included in the trio increased as the 

distance threshold increased such that both the percentage of TAMs and TILs 

increased approximately 10-fold when the distance increased from 10µm to 

21.83µm (2.99% to 31.90% and 5.21% to 51.18%, respectively; Figure 7.3.22B-

D). Lastly, while enhanced immune infiltration depth was previously observed in 

patients with EBV/MSI cancer subtypes (Figure 6.3.11), no differences were 

found in trio densities or percentages between different GC subtypes (Appendix 

11), suggesting some patients with GC/Others GC subtypes also had similar 

Immune/Tumour trios in their tumours compared with the EBV/MSI patients. 
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Collectively, these data suggest that only a small proportion of cells within the 

tumour microenvironment were within direct contact distance with each other 

and that there were less TAMs (31.90%) engaged within the trios compared to 

the TILs (51.18%; Figure 7.3.22D) when the same distance criterion was 

applied.  

 

Figure 7.3.22 Immune/Tumour trio percentage in each cell type 

(A) Overall density of the cell populations labelled. (B-D) Trio percentage in each cell 

populations of different trio distance criteria. Triangles above the panel B to D correspond to the 

Immune/Tumour trios as defined in Figure 7.3.20B of different distance criteria.  
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To investigate if the difference in percentage of cells engaged in the Trio was 

due to the difference in overall density between the TAMs and TILs (Figure 

7.3.22A) or may also be related to their proximity to tumour cells (Figure 7.3.6), 

overall cell densities of TAMs and TILs were correlated with their trio 

percentage in each cell type (Figure 7.3.23). 
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Figure 7.3.23 Correlations of trio density with percentage in each cell type 

Trio density and percentage of (A) tumour cells, (B) CD8+PD1+ TILs and (C) CD68++CD163+ 

TAMs in each cell type that were engaged in a trio with other cells were compared using the 

Spearman correlation. Arrows show increase in distance threshold from direct contact (10µm) to 

Median TAM (16.62 µm) and then to Median TIL (21.83 µm). Above dashed line: p<0.05. 

 

The results showed that in tumour cells (Figure 7.3.23A), negative correlations 

were found between trio percentage and cell density and the significance of 

correlation increased as the distance threshold increased from using direct 

contact (10µm) to using Median TIL (21.83µm). This observation was because 

there were more tumour cells than TAMs and TILs (Figure 7.3.22A) in the 

tumour Core and that as the distance from the tumour cell increases, more 

Immune/Tumour trios can be identified (Figure 7.3.23A), suggesting a random 

distribution pattern of the tumour cell (Figure 3.3.14).  

The positive correlation between the percentage of trio and cell density was 

observed for the CD8+PD1+ TILs despite the slight decrease in significance as 

the distance threshold increase (Figure 7.3.23B). This result indicates that the 

CD8+PD1+ population was more randomly distributed (defined in Figure 3.3.14), 
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which supports previous results showing that they had no locational preference 

within the microenvironment (Figure 7.3.6F).  

Interestingly, the trio percentage and cell density of CD68++CD163+ TAMs 

were found to be positively correlated within a short distance but not when the 

distance increased beyond the median distance of TAMs to tumour cells 

(Median TAM; Figure 7.3.23C). This result reflected the previous observations 

that the distribution of CD68++CD163+ TAMs reside predominantly in the 

tumour-nest (Figure 6.3.8), therefore increasing the distance surrounding these 

TAMs beyond a certain threshold would not increase the possibility of 

identifying Immune/Tumour trios.  

Collectively, these data suggest that the number and percentage of the 

Immune/Tumour trio were related to both cell densities and the distribution of 

each cell type. These data also confirmed previous findings regarding the 

heterogeneous distribution of the CD68++CD163+ TAMs in the tumour (Figure 

4.3.1, Figure 4.3.2 and Figure 6.3.9), and suggest that to homogenise these 

TAMs in the microenvironment or to create an environment favourable for the 

repolarisation of these TAMs might be possible future therapeutic approaches, if 

indeed these cells were truly antigen-presenting and immune-promoting (Figure 

6.3.18).   
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Finally, to assess the predicted survival benefit of the Immune/Tumour trio 

which takes into account both cell density and spatial location of multiple cell 

components, patients were stratified by the trio densities of different distance 

thresholds (Figure 7.3.24). The results showed that the increase of all trio 

densities with different distance criteria correlated with improved survival. 

Importantly, although the number of trios was very few when counting the ones 

that were in direct contact (Figure 7.3.21), this method characterises the 

patients into Yes (with) or No (without) any trios presented in the sample. An 

on-and-off criterion like this may be more applicable clinically, compared to 

using continuous variables (density or percentage) which often vary between 

patient cohorts. This result suggests that if a patient had any tumour cell, 

CD68++CD163+ TAM, CD8+PD1+ TIL trios in direct contact within their tumour 

Core, the patient will possibly have a longer lifespan, which could be due to the 

high immune cell number, enhanced infiltration depth, and more active immune 

system.   
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Figure 7.3.24 Overall survival based on Immune/Tumour trio density 

Patients were stratified into different groups using the number of trios with different distance 

criteria and overall survival was plotted. Yes (with) or No (without) any trio present in the sample. 

Upper tercile (density > 2/3 of the patients in the cohort; red line), Middle tercile (1/3 < density < 

2/3 of patients in the cohort; green line). Lower tercile (density ≤ 1/3 of patients in the cohort; 

blue line). Log-rank (Mantel-Cox) test. 
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7.4 Discussion and Conclusions 

7.4.1 NOX2 as a possible functional marker for CD68++CD163+ 

TAMs 

In this Chapter, approaches were taken to investigate possible mechanism(s) 

behind the survival advantage observed in the patients with elevated 

CD68++CD163+ TAM density. Gene signatures of CD68++CD163+ and 

CD68+IRF8+ TAMs were compared given their positive density correlation 

within the same tumour, but difference in survival prognosis. This comparison 

revealed a NADPH oxidase-relate gene (NOX2) that was enriched in the 

tumours with abundant CD68++CD163+ TAMs and also CD3+CD8+ TILs. In 

macrophages, presence of NOX2 has been shown to suppress autocrine IL-10 

post LPS induction to sustain a pro-inflammatory phenotype555 (Figure 7.4.1). In 

the absence of NOX2, macrophages can self-polarise with IL-10 into an anti-

inflammatory phenotype555. Importantly, NOX2 has been reported to be involved 

in antigen presentation of dendritic cells548-550 by preventing the acidification and 

proteolysis of proteins in phagosomes. Collectively, evidence suggest that 

NOX2 may play an critical role in regulating macrophage polarisation; however 

its role in antigen presentation by different macrophage subtypes has not been 

well described. 

In view of the literature, and given previous observations that the 

CD68++CD163+ TAMs were associated with active immune and possible 

antigen-presenting signalling at a whole-tumour level (Figure 6.3.18), further 

investigation were conducted to determine if NOX2 was expressed by the 

CD68++CD163+ TAMs in our cohort which may help explain their association 

with enhanced tumour inflammation (Figure 5.3.13C) and putative antigen-

presenting ability (Figure 6.3.18). A multiplex NOX2 panel, including TAM/TIL 

markers with NOX2/PD1 was designed, optimised, validated and characterised 

in detail, including cellular density, distribution and survival.  

 



226 
 

 

Figure 7.4.1 Schematic role of NOX2 in macrophage polarisation 

Image555 from Barrett et .al., Journal of Neuroinflammation, 2017. 

 

7.4.2 NOX2+ TAMs co-localise with PD1+ TILs 

High NOX2-expression on the CD68++CD163+ TAMs was confirmed visually 

with images and quantified at the cell population and single-cell level. NOX2-

High CD68++CD163+ TAMs and CD8+PD1+ TILs were found to significantly 

co-exist within the same tumour microenvironment. By comparing the intensity 

of these functional markers in different distance intervals, the data infer that (i) 

the upregulation of PD1 on TILs may be direct contact dependent whilst (ii) the 

enhancement of NOX2 on TAMs could be more paracrine-related. This may 

reflect (i) the direct contact dependent activation of TILs by the TAMs and (ii) 

the upregulation of NOX2 by possible IFN-γ556, 557 release from the activated 

TILs within the same environment, respectively.  
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When in direct contact, the median intensity of both NOX2 and PD1 functional 

markers significantly increased by approximately 20%-30% on the 

corresponding reference cells (RCs), up to 70% of PD1 on the nearest TILs, but 

only by 5% on the nearest TAMs, compared to when the TAMs and TILs were 

50-60µm apart.  

These results may be due to the fact that when a TAM/TIL pair was identified, 

other TAM or TIL may exist in the surrounding area which may also be 

influencing the NOX2 or PD1 expression on cells (Figure 7.4.2A and B). As a 

limitation of the multiplex IHC method and bioinformatic spatial analysis, the 

exact cell-to-cell influence is difficult to analyse. However, data from this study 

suggest that a TAM (as RC) may be sufficient to induce the PD1 expression on 

multiple surrounding TILs (as nearest cells, NCs; Figure 7.4.2C), given their 

elevated overall expression within a tissue (Figure 7.3.12B). Whilst a TIL (as RC) 

may not be as potent as the TAMs in influencing the NOX2 expression on 

nearby TAMs (as NCs; Figure 7.4.2D): even though the NOX2 on the reference 

TAM was induced (Figure 7.3.12B), the overall NOX2 signal may have been 

diluted by the surrounding NOX2-negative TAMs (Figure 7.3.12D).  

Moreover, previous data in this study showed that (i) CD68++CD163+ TAMs 

were found more commonly within the tumour-nest than in the stroma (Figure 

6.3.9) but  was not observed for the CD8+ TILs (Figure 6.3.9 and Figure 7.3.8E); 

(ii) PD1 expression on CD8+ TILs was found to be increased in the tumour-nest 

(Figure 7.3.7) but the distribution pattern of TILs was not related to their 

proximity to tumour cells (Figure 7.3.6F). These data suggest that the marker 

expression of the TAM/TIL pairs discovered in the stroma may be different to 

those in the tumour-nest (Figure 7.4.2). Collectively, these findings indicate that 

the number of surrounding cells and the location in which these interactions 

take place could be important factors. 

 



228 
 

Tumour-nest

Stroma

Tumour-nest

Stroma

Tumour-nest

Stroma

Tumour-nest

Stroma

TAM

TIL

TILTIL

TIL

Nearest pair

TIL

TAM

TAMTAM

TAM

Nearest pair

TAM

TIL

TILTIL

TIL

Nearest pair

TIL

TAM

TAMTAM

TAM

Nearest pair

? ?

?

RC

NC

NC

NCNC

RC

NC

NC

NCNC
RC

NC

NC

NCNC

RC

NC

NC

NCNC

 

Figure 7.4.2 Schematic model of NOX2/PD1 expression on TAMs and TILs 
in proximity to each other 

When a nearest TAM/TIL pair was identified, other TAM or TIL may exist in the surrounding 

area which may also be influencing the NOX2 or PD1 expressions on cells. In Figure 7.3.12, 

PD1 was found to be elevated on CD8+ TILs (as both RC and NC) when in close proximity with 

CD68++CD163+ TAMs. Similarly, increased NOX2 was observed on TAMs when used as RCs 

but not NCs. These data suggest that a TAM may be sufficient to induce the PD1 expressions 

on multiple surrounding TILs, whilst a TIL may not be as potent as the TAMs in influencing the 

NOX2 expressions on nearby TAMs. RC/NC: reference/nearest cell. Black line: nearest RC/NC 

pair. Dashed circle/triangle: other possible surrounding cells. Orange/Yellow arrows: PD1/NOX2 

expression. Pink/Green: tumour-nest and stromal areas. 

 

7.4.3 NOX2 and PD1 status on TAMs and TILs improves their 

survival prediction 

Survival analysis showed that including PD1 as a measure of the functional 

status of the CD8+ TILs significantly improved their survival predictive value 

with the PD1+ TIL population being positively associated with improved overall 

survival (Figure 7.3.13). NOX2 expression on TAMs did not show additive value 
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as a positive selection criterion to the patient groupings given that the 

CD68++CD163+ TAMs had concurrently higher NOX2 expression (Figure 

7.3.15). However, in combination with the TIL density, NOX2-refined TAMs may 

be useful as a negative selection marker to identify the patient with low immune 

infiltration and less activation, which in turn may relate to a very poor survival 

outcome (Figure 7.3.17).  

7.4.4 Proximity of immune cells to tumour cells outweighs the 

proximity between immune cells for survival analysis 

No survival advantage to patients was observed when their CD68++CD163+ 

TAMs and CD8+PA1+ TILs were in close proximity with each other. However, 

there was a survival benefit when these two immune cell types were in close 

proximity with the tumour cells, both individually and as Trios. These results 

suggest that while the possible interactions of immune cell populations could be 

important in altering their immune phenotypes and may be related to their 

functional status (discussed in §7.4.2), the ability to have a direct effect on the 

tumour cell, as inferred by proximity in this study, had a more profound 

association with patient survival.  

Importantly, the results from Trio density and percentage showed that, on 

average, only 3-5% of the TAMs and TILs in each cell population were in direct 

contact with each other and with the tumour cells. This result revealed that, 

while the CD68++CD163+ TAMs and the CD8+ TILs strongly correlated within 

the tumour-nest and stroma and were the pair with the highest correlation 

compared to all other immune cells (Figure 6.3.10), only very small proportions 

were within contact distance with the tumour cells. These results indicate that to 

investigate the interaction of cells, the actual spatial co-localisation of the cells 

of interest should be identified in addition to just using correlation tests which 

may be misleading and does not take account the region of the tumour where 

the cells reside. 

In the previous Chapter, immune cell infiltration was found to be higher in 

patients with EBV/MSI GC subtypes compared to those with GS/Others 

subtypes, and was independent of the densities of individual cell populations 
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(Figure 6.3.11). However, univariate analysis of immune cell density, distribution 

and cell marker expression with clinical parameters often showed no significant 

correlations with GC subtype and with other clinical parameters (e.g. age, 

cancer stages)468. This was also true when comparing the NOX2 and PD1 

status on the TAMs and TILs, respectively. These results indicate that, while in 

general the EBV/MSI patients exhibited a stronger immune response31 and 

were associated with high overall PDL1 expression in our cohort (§4.3.8 and 

§0), some patients in the GC/Others category also possessed an enhanced 

immunity (Figure 4.3.13, Figure 6.3.12 and Figure 7.3.9B), and these patients 

may have a chance to benefit from checkpoint blockade. These observations 

may explain why GC subtypes and PD1/PDL1 staining were imprecise markers 

for GC survival133, 558 and response to therapy126. However, one of the 

limitations is that these experiments were done as univariate analyses that are 

difficult to test in a multivariate model. 

7.4.5 Limitations 

The data presented in this Chapter clearly showed the possible interactions 

between the TAMs/TILs that may be working through the NOX2/PD1-related 

mechanism. However, without appropriate knockout models and functional 

assays it is difficult to make conclusions on the cause and effect between these 

markers and between the immune cell types using only multiplex IHC. The 

current data could not fully test the hypothesis that the survival advantage 

observed for the patients with elevated CD68++CD163+ TAMs was due a 

NOX2-associated enhancement of antigen-presentation of TAMs to CD3+CD8+ 

T cells, whose functional status could be defined with their PD1 expressions. 

Further studies are needed to investigate different aspects of this hypothesis. 

7.4.5.1 Identifying the functionality of NOX2-expressing TAMs 

While no functional assays have been performed to assess the role of NOX2 in 

this TAM population, some clues may be found from the nature of the markers 

expressed by the TAMs and the gene signatures of cases where these TAMs 

were enriched.  
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Firstly, NOX2 has been shown to be highly expressed by macrophages, but 

also by dendritic cells (DCs) to a lesser extent559. As a result, macrophages 

were found to produce more reactive oxygen species (ROS) than other cell 

types550. In addition, macrophages have been shown to have a higher 

expression of vacuolar proton adenosine triphosphatase (V-H+-ATPase), a 

universal proton pump560, compared to DCs, which results in a more acidic 

phagosome/endosome/ lysosome environment in macrophages (pH 5.7) than in 

DCs (pH 7.7)559. Due to the difference in pH, macrophages were identified as 

having more rapid and proficient antigen degradation561 through active 

lysosomal proteases562 at this pH. The DCs, on the other hand, have been 

shown to specialise in limiting protease abundance563 and activity550, and 

regulating the transport and modification of MHC molecules564; therefore, were 

more advanced in immune initiation with antigen presentation. Macrophages 

with a NCF1 mutation (a critical subunit of the NADPH oxidase complex, Figure 

7.3.3) have been shown to engage in the priming of T cells in the absence of 

ROS, but were T cell suppressive in the presence of ROS in vitro565. ROS has 

been reported to modulate the macrophage immunosuppressive phenotype 

through the upregulation of PDL1566 and to promote tumour initiation and growth; 

however, these effects may differ between tumour models567. More importantly, 

due to the complexity and plasticity of TAMs within the microenvironment, 

tumour-isolated TAMs have been shown to express high levels of antigen-

presentation molecules346 and be efficient for priming cytotoxic T cell for specific 

tumour killing in vitro468.  

Secondly, the influence of CD68++CD163+ TAM population may be related to 

their expression of CD163. During inflammation and activation by LPS568, 

oxidative stress569, and TLR signalling570, the soluble truncated peptide of 

CD163 (sCD163)571 was found to be cleaved from the macrophage membrane 

by the metalloprotease, ADAM metallopeptidase domain 17 (ADAM17)572, 573. 

sCD163 has been shown to suppress lymphocyte proliferation574-576 post 

antigen exposure and was proposed as a blood biomarker in multiple 

inflammatory and infectious diseases577-581. However, the way in which this 

information fits with the specific CD68++CD163+ macrophage population 

identified in the cancer tissue requires further investigation.  
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Thirdly, IL-10, a cytokine associated with the CD68++CD163+ TAM 

environmental gene signature in this study, has traditionally been considered as 

being immune suppressive582. However, paradoxically, increasing evidence in 

the literature is demonstrating its supportive effect on CD8+ T cell dependent 

anti-tumour activities583, 584. Administration of IL-10 has been reported to 

prevent CD8+ T cells apoptosis through a dendritic cell-mediated process583 

and to promote intra-tumoural T cell activation and enhance its proliferation585, 

586. It has also been shown that IL-10-induced macrophages have an elevated 

phagocytic activity315 and some antigen presenting M2 macrophages also 

express MHC molecules183. IL-10-polarised macrophages exhibited a medium 

ROS production compared to  IFN-γ and IL-4-polarised ones459 (highest and 

lowest, respectively).  

Collectively, to understand the true functions of the CD68++CD163+ TAMs, it is 

crucial to determine if those TAMs with high NOX2 expression were more pro-

inflammatory555, 587, showed higher expression of MHC molecules588, 589, and 

associated with enhanced or delayed production of ROS and antigen 

degradation ability (related to upregulated CD68 expression437; Figure 7.4.3).  
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Figure 7.4.3 Putative functions of the CD68++CD163+ TAM 

Additional markers are required to be included in the same multiplex IHC panel and in vitro 

experiments will need to be conducted to further access the pro- or anti-immune properties389, 

429, 549 of the CD68++CD163+ TAMs. Red: CD163. Green: CD68. Yellow: NOX2. Blue: DAPI. 

7.4.5.2 Identifying the functionality of the PD1-positive TILs 

While PD1 has been shown to be upregulated on activated T cells post antigen 

stimulation590, high PD1 expression also identifies exhausted, dysfunctional 
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TILs in cancer546. These exhausted TILs could be further characterised with T-

cell immunoglobulin and mucin-domain containing-3 (TIM-3) and lymphocyte-

activation gene 3 (LAG-3)591, and with the reduction of IFN-γ production546. 

Therefore, exhaustion and functional cytokine markers are needed to elucidate 

the functions of the different PD1-expressing CD8+ TILs identified in this study 

(Figure 7.4.4). T cell factor 1 (TCF1/tcf7) and CD39/CD103 could be used to 

help interpret activation status. These markers identify the stem-like CD8+ TIL 

populations with proliferative property post immune checkpoint administration589, 

592, 593 and as tumour-antigen-experienced/exhausted populations594-597, 

respectively. Observations from this study suggest that the PD1 expression on 

CD8+ TILs was independent of their distance to tumour cells (Figure 7.3.6F), 

and inclusion of these markers could possibly reveal the locational differences 

of these different PD1-expressing TILs. 
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Figure 7.4.4 Marker and cytokine profile of CD8+ TILs with different PD1 
positivity 

PD1 (orange) positivity on CD8+ (cyan) TILs has been shown to correlate with their activation, 

but also exhaustion in cancer. Further functional markers will need to be incorporated within the 

same multiplex IHC panel to investigate if these TILs were immune active or exhausted. Data545, 

546, 594 from Kansy et al., Cancer Research, 2017, Thommen et al., Nature Medicine, 2018, and 

Chen and Ji et al., Immunity, 2019. 

7.4.5.3 Impact on the tumour microenvironment 

The CD68++CD163+ TAMs correlated with increased tumour hypoxia and 

decreased angiogenesis598 from gene-expression analyses in this study (Figure 

5.3.13D); therefore staining of HIF1α and CD31 (endothelial cell marker201) may 
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be incorporated to the multiplex IHC panel to validate these findings and 

confirm their identities when more colours were available with the technology.  

Moreover, additional response markers (e.g., cell death markers) on the tumour 

cells that were grouped as a trio with the immune cells will be useful to 

determine the actual function of the immune cells. As mentioned earlier, it is 

difficult to make conclusions about the cause and effect of these cells in the 

TME. Alternative explanations for the current results include:  

1) A NOX2-expressing TAM is immune-promoting and is sufficient to induce 

the PD1 expression and activation of surrounding TILs (Figure 7.4.2) 

2) The cytokines derived from the activated PD1-expressing TILs are 

responsible for inducing NOX2 expression on the TAMs (opposite to 1) 

3) TAMs are an immune suppressive subtype that are recruited to suppress 

the actives TILs and to induce T cell exhaustion  

4) These cells were not functionally related; rather the TAMs were located 

in the same regions as the TILs coincidentally to mop up debris 

associated with active killing 

 

7.5 Summary 

In summary, the work described in this Chapter showed that NOX2 was first 

identified through gene expression analysis and an mIHC panel was designed 

to contain markers to characterise immune cells as well as functional markers, 

NOX2 and PD1. NOX2 was shown to be highly expressed by the 

CD68++CD163+ TAMs to confirm the findings from a gene-expression level at 

a protein level. The expression of the NOX2 and PD1 increased as the TAMs 

and TILs come in direct contact, suggesting a possible mechanistic relationship 

between these cells. Inclusion of functional markers on cells, and density 

combined spatial distribution of the immune cells to tumour cells all increased 

the prognostic value compared to using just overall cell density alone.  

Additional in vitro experiments or more cell type-specific mIHC panels are 

needed to resolve the true function of these TAMs and TILs and their impact on 

patient survival.    
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Chapter 8 : Investigating the Influence of 

macrophages on tumour invasion in a mouse 

model 

8.1 Introduction 

The data from Chapter 4 and 5 showed that (i) the CD206+ group of TAMs was 

associated with high PDL1 expression (Figure 4.3.12), (ii) the CD68+CD206+ 

TAMs were located in close proximity to tumour cells (Figure 4.3.5) and were 

associated with immune suppressive gene signatures (Figure 5.3.4) and (iii) the 

CD68+CD206++ and CD68+CD163+CD206+ TAMs were abundant in normal 

stomach tissue, especially at the tumour Margin (Figure 4.3.1). These results 

suggest the CD206+ TAMs may have possible roles in immune suppression, 

tumour invasion, cell trafficking between the tumour sites and surrounding 

stroma, and that targeting the CD206+ macrophage population may be 

therapeutically beneficial. 

In light of these findings, this Chapter aims to utilise an existing mouse 

xenotransplantation model of gastric cancer established by my laboratory213 to 

examine the influence of the CD206+ macrophage subgroups on tumour 

invasion. The C57BL/6-Rag2<KO>γc<KO> mouse strain was chosen for being 

severely immunocompromised599 (lacking T, B and NK cells), and thus suitable 

for studying macrophage biology. Clodronate was used as the agent for 

macrophage depletion229 (as discussed in §1.3.4.1); clodronate-liposomes 

(Clodrosome®, Encapsula NanoSciences) and mannosylated clodronate-

liposomes (m-Clodrosome®, Encapsula NanoSciences) were utilised to deplete 

either (i) overall macrophages229, 600 or (ii) CD206+ macrophages601, 602, 

respectively (Figure 8.1.1 and Methods). 
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Figure 8.1.1 Schematic graph of macrophage depletion design 

Clodronate-liposome (overall) / Mannosylated clodronate liposome (selective) CD206+ 

macrophage depletion, respectively. Mannose receptor: CD206. Numbers represent selective 

depletion of macrophage populations. 

 

8.2 Aims 

Aim 1: To establish and optimise a working macrophage depletion model with 

healthy, tumour-free mice 

Aim 2: To investigate the role of macrophages in tumour invasion using an 

orthotopic xenograft gastric cancer model 

 

8.3 Results 

8.3.1 Optimisation of in vivo macrophage depletion system 

The depletion efficacy and optimal protocol for each of the different clodronate-

liposome constructs were first evaluated in a safety study with tumour-free, 

healthy C57BL/6-Rag2<KO>γc<KO> mice. Doses were determined based on 

published studies which have utilised these compounds229, 600.   
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Mice (12 per group) were injected intraperitoneally with indicated concentrations 

of clodronate-liposomes (Figure 8.3.1A and Appendix 12) twice per week603 (3-4 

day cycle) for four weeks. Each mouse was bled from the sub-mandibular vein, 

and three mice per group were culled per week (Figure 8.3.1B). The depletion 

efficacies of both overall and CD206+ macrophages in different organs were 

determined using multiplex IHC and flow cytometry.  

Day (p.d.i.) 00 03 07 10 14 17 21 24 28

D B D D B D B D D B B CD

D B D D B

B C

B C

D B

D B D BD B

Drug

Injection 

(D) D D B C

Experimental groups
Concentration

(per dose)

Mice per 

group/week

Duration 

(week)

Total mice

per group

1. PBS

0.1, 0.2, 0.25 

and 0.5 mg 

/ mouse

3 4 3*4 = 12

2. Control liposome

3. Control mannosylated-liposome

4. Clodronate-liposome

5. Mannosylated clodronate-liposome

Total number 12*5 = 60

A

B

 

Figure 8.3.1 Design of toxicity/safety study 

(A) Number of mice in each experimental group. (B) Clodronate toxicity safety timeline of an 

experimental group described in (A). Each line represents mice (n=3) that have undergone the 

same experimental procedures but were collected at different time points. Samples were 

collected per week for determining depletion efficacies of both overall and CD206+ 

macrophages in different organs. p.d.i.: post-drug injection. D: Macrophage depletion drug 

injection. B: Blood sample collected via sub-mandibular vein. C: Mice culled and organs 

harvested. Each arrow represents the timeline of independent groups with the same 

experimental design. 

Based on previous studies in the literature, overall animal health, survival, body 

weight, and liver damage were used as indicators of drug toxicity in the 

animals604. Drug-related death was observed when mice were dosed with 0.25 

and 0.5 mg/dose clodronate-liposome of both constructs, whilst no depletion 

was achieved with 0.1 mg/dose (Appendix 12A, B and C). No drug related 

death occurred and no weight loss of the mice was observed using the 
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concentration of 0.2 mg/dose biweekly (Figure 8.3.2 and Appendix 12 A). An 

approximately 43% depletion of blood macrophage-like populations393, 605  

(Figure 8.3.3A; defined as CD45+CD11b+Ly6G-LyClow/neg, presumably derived 

from the CD45+CD11b+Ly6G-LyChigh monocytes) by both clodronate-liposome 

constructs was maintained throughout the 4-week period (Figure 8.3.3B). No 

liver damage was observed (Figure 8.3.4A) compared to using the 0.5mg/dose 

biweekly dose (Appendix 12D). An up-to 80% depletion of liver macrophages606, 

607 (defined as F4/80+ and F4/80+CD206+; Figure 8.3.4B) was observed across 

the 4 weeks (Figure 8.3.4C and Figure 8.3.5). These results indicate that 

0.2mg/dose of clodronate-liposome biweekly was the optimal experimental 

condition. 
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Figure 8.3.2 Mouse body weight change in safety study 

Each coloured symbol represents each data collection time point of each group. (A) Each line 

(solid and dashed) represents each group. (B) Each line represents individual mice. Variations 

in weight between individual mice were observed with male mice being heavier than females. 

Bar and error bars represent mean ± SD. Not significant (n.s.) comparing (A) drug injected 

groups to PBS control and (B) between experimental groups. Mann-Whitney U test. 
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Figure 8.3.3 Flow gating strategy of mouse PBMC and depletion efficacy – 
safety study 

(A) Gating strategy used in flow analysis of macrophage-like population in PBMC. (B) Relative 

percentage of macrophage-like population of each experimental group normalised to PBS 

control. d: depletion efficacy determine by comparing the median % of remaining macrophage-

like cells across 4 weeks to PBS control. N as defined in Figure 8.3.1. Each line represents 

each experimental group. Each point represents each data collecting time point. *p<0.05, and 

**p<0.01 comparing clodronate-liposome injected groups to PBS control. Mann-Whitney U test.  
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Figure 8.3.4 Mouse liver morphology and representative images of liver 
macrophage – safety study 

(A) Appearance of representative mouse liver tissues. (B) Representative cell populations within 

the liver in the PBS control group of Week 1. Mɸ: macrophage. (C) Representative images of 

depletion efficacy in the liver of different experimental groups. Encapsome/m-Encapsome 

(mannosylated): control liposomes: liposomes without clodronate. 
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Figure 8.3.5 Quantification of mouse liver macrophage depletion efficacy – 
safety study 

Depletion efficacy determined with (A) density-based analysis by inForm and (B) Pixel-based 

analysis by ImagePro. d: depletion efficacy comparing the median % of remaining F4/80+ 

macrophages across 4 weeks to PBS control. Data normalised to PBS control. Bar and error 

bars represent mean ± SD. N as defined in Figure 8.3.1. Each point represents each image. 

Three randomly acquired images per mouse. *p<0.05, **p<0.01, comparing between 

experimental groups of the same week. Mann-Whitney U test. 
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8.3.2 Xenograft tumour implantation 

To investigate the role of macrophages during tumour progression and invasion, 

a mouse intra-gastric xenograft model was utilised408. Individual mice were bled 

a week prior to xenograft implantation to confirm that there were no differences 

in PBMC populations and body weights between litters, cages and genders 

(Figure 8.3.6).  
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Figure 8.3.6 Baseline control of mice in experiment pre-clodronate 
treatment 

Mice from different litters were housed in separate cages and their body weights were 

compared (A) pre- and (B) post-xenograft implantation. Female mice (Cage 9) were in general 

smaller in size compared to male mice (other cages). (C) Percentage and (D) Number of cell 

populations of interest between individual mice (n=41) determined with flow cytometry pre-

xenograft implantation. Bar and error bars represent mean ± SD. Each line/point represents one 

mouse. Not significant (n.s.) comparing between male and female mice. Mann-Whitney U test. 
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Xenograft implantation was carried out by injecting luciferase-tagged human 

gastric cancer cells (MKN45)408 into the serosal layer of the mouse stomach 

(Figure 8.3.7A and Method). This is an inverse-invasion tumour model 

compared to human gastric cancers which normally initiate from the inner 

mucosa layer then invade outward to the serosa (§1.1.4.1; Figure 8.3.8). The 

MKN45 cell line was chosen for its moderate invasive and metastatic properties 

compared to other GC cell lines408. Mice were imaged one week post tumour 

cell inoculation to detect cancer cells with the bioluminescent IVIS system. 

Clodronate-liposomes (0.2 mg/dose, biweekly; Figure 8.3.3 and Figure 8.3.4) 

were injected on day ten post tumour cell implantation at the dosage and 

frequency determined in the safety study (Figure 8.3.7B).  

 

Figure 8.3.7 Experimental design of macrophage depletion in tumour-
bearing mice 

(A) Representative image of mouse stomach layers showing tumour cell injection site. (B) 

Experimental timeline. p.d.i.: post-drug injection. p.x.i.: post-xenograft implantation. Numbers: 

days with experiment procedure. D: Macrophage depletion drug injection. B: Blood sample 

collected via sub-mandibular vein. I: Luciferin injected for non-invasive tumour imaging. C: Mice 

culled and organs harvested. 



244 
 

 

Figure 8.3.8 Definitions of gastric cancer invasion 

Representative (A) whole mouse stomach and tumour injection site (dashed rectangle). Brown: 

human mitochondria stains xenograft tumour cells. Blue: hematoxylin counter stain. (B) 

Definitions of invasion score: 0 = tumour located within the serosa (S) layer. 1 = tumour invaded 

through the muscularis mucosa (MM) but not yet to the mucosa (M). 2 = tumour invaded 

through the MM into the M. Anything above a zero is invasive. Dashed line: primary tumour site.  
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8.3.3 Effect of macrophage depletion on tumour progression 

8.3.3.1 Body weight 

Ten mice have had developed tumours by day 10 post tumour-implantation 

whilst others remained tumour-free (n=21; Table 8.3.1). All tumour-implanted 

mice were treated with different clodronate-liposome constructs and consistent 

results with the previous safety study were observed in that neither construct 

affected mouse body weight (Figure 8.3.9A). No differences in body weight 

were observed between tumour and non-tumour-bearing mice and between 

male and female mice (Figure 8.3.9B). 

 

Table 8.3.1 Number of mice between experimental groups 

Groups / n Group 1 Group 4 Group 5 Total 

Total mice per group 9 11 11 31 

Tumour-bearing mice at the start of depletion 4 3 3 10 

Tumours developed during depletion 2 1 3 6 

Total tumour-bearing mice 6 4 6 16 

Mice culled during depletion* 0 1 1 2 

Tumour-bearing mice at the end of depletion 6 3 5 14 

Non-tumour-bearing mice at the end of depletion 3 7 5 15 

 Group 1: PBS control. 

 Group 4: Clodronate-liposome. 

 Group 5: Mannosylated clodronate-liposome. 

 *: both tumour-bearing mice. Lose of weight due to inflammation. 
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Figure 8.3.9  Mouse body weight change in tumour study 

(A) Mouse weight throughout the experimental period. Day 0 indicates the first day of liposome 

injection. Each coloured symbol represents each data collecting time and each line represents 

each group. (B) Body weight of tumour-bearing (Yes) and non-tumour-bearing (No) mice. Pink 

arrow: female mice. N as defined in Table 8.3.1. Each line represents individual mice. Bar and 

error bars represent mean ± SD. Not significant (n.s.) comparing between experimental groups. 

Mann-Whitney U test. 

  



247 
 

8.3.3.2 Macrophage depletion in PBMC and splenic 

macrophages 

Depletion of blood macrophage-like cells (CD45+CD11b+Ly6G-LyClow/neg; 

defined in Figure 8.3.3) in both groups injected with clodronate-liposome 

constructs was maintained at 65% throughout the 2 week experimental period 

compared to PBS controls (Figure 8.3.10A). However, when comparing the 

number of macrophage-like cells per ml of blood (Figure 8.3.10B), the results 

showed that it was elevated in each of the mice compared to their individual 

baselines (Day 0; before clodronate-liposome injection) regardless of the 

experimental group (Figure 8.3.6B). No differences were found between 

tumour-bearing and non-tumour-bearing mice of the same experimental group 

(Figure 8.3.11). These data suggest that the presence of systemic inflammation 

in mice that resulted in an elevated macrophage-like cells in the PBMC may be 

related to the surgical procedures rather than the presence of the tumours. 

Importantly, the results indicate that the depletion effect in peripheral blood 

observed in the clodronate-liposome injected groups was due to a relatively 

mild increase in macrophage-like cells compared to PBS controls, than a 

reduction of cell number compared to their individual baseline levels. 
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Figure 8.3.10 Mouse PBMC depletion efficacy – tumour study 

Percentage of macrophage-like population of each experimental group (A) Normalised to PBS 

control and (B) absolute cell number determined with counting beads. Each line represents 

each group. d: depletion efficacy comparing the median % of remaining macrophage-like 

population across 2 weeks to PBS control. N as defined in Table 8.3.1. Each point represents 

each data collecting time point. Numbers labelled in (B) represent p-value of clodronate-

liposome (red) and mannosylated clodronate-liposome (blue) groups compared to PBS control, 

*p<0.05, **p<0.01 and not significant (n.s.) comparing clodronate-liposome groups to PBS 

control. Mann-Whitney U test. 
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Figure 8.3.11 Mouse PBMC depletion efficacies of tumour and non-
tumour-bearing mice 

Depletion efficacy of macrophage-like population of each experimental group normalised to 

PBS control. 1: PBS control (white). 4: clodronate-liposome (red). 5: mannosylated clodronate-

liposome (blue). Yes: tumour-bearing. No: non-tumour-bearing mice. d: depletion efficacy 

comparing with median % of remaining macrophage-like population across 2 weeks to PBS 

control. N as defined in Table 8.3.1. Bar and error bars represent mean ± SD. Each point 

represents one mouse. *p<0.05 and not significant (n.s.) comparing between experimental 

groups. Mann-Whitney U test. 

 

The depletion of mouse splenic macrophages was measured by flow cytometry 

and by including F4/80 as a more specific macrophage marker for the mouse 

(defined as CD45+CD11b+Ly6G-Ly6Clow/negF4/80+; Figure 8.3.12A). F4/80 was 

found to be upregulated on mature macrophages in the tissue and therefore 

was not ideal for the blood samples393, 608. The results showed that clodronate-

liposomes could specifically deplete the F4/80-positive populations (Figure 

8.3.12B) with an efficacy of around 95% (Figure 8.3.12C and Figure 8.3.13). 

There was no difference observed between the two liposome constructs (Figure 

8.3.12C) and between tumour and non-tumour-bearing mice (Figure 8.3.13). 
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Figure 8.3.12 Gating strategy and depletion efficacy of mouse splenic 
macrophages 

(A) Gating strategy used for flow analysis. (B) Representative macrophage depletion results 

between PBS control and clodronate-liposome. (C) Depletion of the cell populations of each 

experimental group normalised to PBS control 2 weeks post-drug injection. d: median % of 

splenic macrophages compared to control. N as defined in Table 8.3.1. Box and whiskers 

represent mean ± 10-90 percentile. Each point represents one mouse. *p<0.05, **p<0.01, 
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***p<0.001 and not significant (n.s.) comparing between experimental groups. Mann-Whitney U 

test. 

 

Figure 8.3.13 Depletion efficacy of splenic macrophages in tumour and 
non-tumour-bearing mice 

Depletion efficacy of the cell of interest of each experimental group normalised to PBS control. 

Yes: tumour-bearing. No: non-tumour-bearing mice. d: median % of splenic macrophages 

compared to PBS control. N as defined in Table 8.3.1. Bar and error bars represent mean ± SD. 

Each point represents one mouse. *p<0.05 and not significant (n.s.) comparing between 

experimental groups. Mann-Whitney U test. 

 

8.3.3.3 Macrophage depletion in liver and lung macrophages 

Macrophage depletion in the liver and lung were assessed with multiplex IHC 

staining of F4/80 and CD206. Approximately 80% depletion of liver 

macrophages was observed in both tumour and non-tumour-bearing groups 

and across different clodronate-liposome constructs, consistent with the safety 

study results (Figure 8.3.14A). A difference in macrophage number was found 

in the non-tumour-bearing mice compared to tumour-bearing mice within the 

clodronate-liposome injected group but not in the control or the mannosylated 

clodronate-liposome injected mice (Figure 8.3.14B). 

Interestingly, F4/80+ liver macrophages were found to exhibit very low co-

expression of CD206 (3%; Figure 8.3.15A) compared to lung macrophages609, 

610 (22%; Figure 8.3.15B and C). These results suggest that the expression of 

CD206 on F4/80+ macrophages was tissue specific. Indeed, the mannosylated 
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clodronate-liposomes could more specifically deplete F4/80+CD206+ 

macrophages in the lung compared to the non-targeted clodronate-liposomes 

(Figure 8.3.16A). Macrophage depletion levels were higher with both 

clodronate-liposome constructs in the non-tumour-bearing than tumour-bearing 

mice, suggesting a possible systemic immune influence from a gastric tumour to 

the distant lung (Figure 8.3.16B).  

In summary, these results showed that different organs had different levels of 

macrophage depletion (blood: 65%; spleen: 95%; liver: 80%; lung: 45%), which 

might reflect distinct microenvironments and also differential rates that the 

macrophage pools were replenished in each organ. 

 

 

Figure 8.3.14 Depletion efficacy of liver macrophages in tumour and non-
tumour-bearing mice 

Depletion of F4/80+ liver macrophages normalised to PBS control in (A) all (regardless of 

tumour status) and (B) between tumour-bearing (Yes) and non-tumour-bearing (No) mice. d: 

median % of liver macrophages compared to PBS control. N as defined in Table 8.3.1. Bar and 

error bars represent mean ± SD. Each point represents each image. Three randomly acquired 

images per mouse. ***p<0.001 and not significant (n.s.) comparing between experimental 

groups. Mann-Whitney U test. 



253 
 

 

Figure 8.3.15 Representative images of liver and lung macrophages 

(A) Liver macrophages. Scale bar: 100 µm. (B) Lung macrophages. Scale bar: 100 µm. Green: 

F4/80. Red: CD206. Yellow: co-staining of F4/80 and CD206. Blue: DAPI. Percentage showing 

the proportion of F4/80+ macrophage co-expressing CD206. 
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Figure 8.3.16 Depletion efficacy of lung macrophages in tumour and non-
tumour-bearing mice 

Depletion efficacy of F4/80+ lung macrophages of each experimental group normalised to PBS 

control in (A) all and (B) between tumour-bearing (Yes) and non-tumour-bearing (No) mice. d: 

median % of liver macrophages compared to PBS control. N as defined in Table 8.3.1. Bar and 

error bars represent mean ± SD. Each point represents each image. Three randomly acquired 

images per mouse. *p<0.05, **p<0.01, ***p<0.001 and not significant (n.s.) comparing between 

experimental groups. Mann-Whitney U test. 
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8.3.3.4 Macrophage depletion at the tumour site 

Macrophage depletion in the stomach was evaluated with multiplex IHC and, 

surprisingly, no depletion was observed despite the systemic reduction of 

macrophages in multiple organs (Figure 8.3.12). In addition, F4/80+ 

macrophages with different CD206 expression levels were observed in different 

regions of the tumour and stomach. Macrophages within the stomach mucosa 

had negligible CD206 expression (2%; I in Figure 8.3.18C and D). CD206 on 

macrophages increased in the submucosa and serosa layers (II: 14%), in 

oesophagus (III: 39%) and more than half of the macrophages in the duodenum 

were CD206-positive (IV: 64%; Figure 8.3.18B). The CD206 expression pattern 

on mouse mucosal macrophages was distinct from human gastric mucosal 

macrophages in which the majority were CD206-positive (Figure 8.3.19), 

reflecting a difference between human and mouse. Interestingly, a similar 

CD206 expression/distribution pattern was observed across the mouse tumour 

regions compared to human GC. Mouse CD206+ macrophages were also 

found to be preferentially located at the peri-tumoural rather than intra-tumoural 

regions (Figure 8.3.20; related to Figure 4.3.20).  
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Figure 8.3.17 Depletion efficacy of gastric tumour-associated 
macrophages 

Depletion efficacy of the cell of interest of each experimental group normalised to PBS control. 

All mice were tumour-bearing. N as defined in Table 8.3.1. Bar and error bars represent mean ± 

SD. Each point represents one mouse. *p<0.05, **p<0.01, ***p<0.001 and not significant (n.s.) 

comparing between experimental groups. Mann-Whitney U test. 
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Figure 8.3.18 Quantitation of CD206 expression on different gastric 
macrophage populations 

Representative images of the (A) whole mouse stomach and the (B) identification of different 

regions of a PBS control mouse. (C) Pie charts represent the median percentage of F4/80+ 

macrophages that were also CD206+ in the corresponding stomach regions described in (B) of 

control mice. (D) Representative 2D and 3D single-stained IHC images of CD206 and F4/80 

showing the distribution of mouse macrophages with different marker signatures. Dashed line: 

tumour site. Brown: CD206 or F4/80 staining. Blue: DAPI. Scale bar: 100 µm. 
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Figure 8.3.19 Representative images of human mucosal macrophages 

Composite and single-stained IHC images of human mucosal macrophage expressing both 

CD206 and CD163. 
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Figure 8.3.20 Representative images of mouse gastric tumour 
macrophage populations 

Representative composite and single-stained IHC images of differential CD206 and F4/80 

expressions on macrophages populations between tumour site and adjacent non-tumour normal 

tissue within the stomach. Human mitochondria stains xenografted tumour cells. Mouse 

macrophages exhibited a higher CD206 expression at the peri-tumour regions and not within 

the tumour. 

 

Collectively, these findings reflect a fundamental difference between human and 

mouse macrophages that reside in the stomach and this should be taken into 

consideration in future study designs. The data also suggest that the ways in 

which the tumour microenvironment influences the CD206 expression on 

macrophage between tumour regions (e.g. metabolic activities365) might be 

similar between species.  

Lastly, tumour development and invasion (defined in Figure 8.3.8) between the 

different experimental groups were compared. There were no significant 

differences in macrophage number in the stomach between groups, and no 

differences were found in the degree of invasion or primary tumour formation 

(Figure 8.3.21). 
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Figure 8.3.21 Invasion scores and tumour- formation 

(A) Table shows the number of mice in each experimental group with tumour identified with the 

bioluminescence imaging and were culled for (B) invasion scoring. F and M: female and male 

mice, respectively. n: Number of mice per group. NA: no tumour found therefore no scoring. 

Invasion score: determined based on worst case scenario, stomach with any tumour cell that 

meet the invasion scoring criteria (defined in Figure 8.3.8). (C) Tumour-formation determined 

with bioluminescence imaging. Weeks represent the weeks post-xenograft implantation. Yes: 

tumour-bearing. No: non-tumour-bearing mice. Bars represent the total number of mice in each 

condition. Chi-square analysis comparing between conditions. 

 

8.4 Discussion and Conclusions   

In this Chapter, to investigate the role of CD206+ TAMs on tumour progression 

and invasion, an in vivo model of tumour invasion and clodronate-based 

depletion of macrophages was used. A safety study was initially performed to 

determine the efficacy and safety of the clodronate liposomes; a dose regime of 

0.2mg per mouse at a frequency twice per week was determined as the optimal 

conditions for maximal macrophage depletion without toxicity. Under these 

conditions a reduction of blood macrophage-like cells (40-65%) and liver 

macrophages (80%) was achieved with no associated drug-related weight loss 

or organ damage.  

The orthotopic mouse model for GC was utilised for the determination of tumour 

invasion with and without the presence of different macrophage populations. In 

this instance host macrophage depletion in the spleen (96%) and lung (45%) 

were also evaluated. However, surprisingly, no macrophage depletion was 
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found in the tumour regions, and no differences in tumour growth, and degree of 

invasion was observed (Table 8.4.1). The mannosylated clodronate-liposome 

was utilised as a method to target specifically the CD206+ macrophages601, 602. 

It showed a higher depletion efficacy and were more specifically to the CD206+ 

macrophages in the lung; however, not in other organs examined. These 

unexpected results may be due to: (i) the time frame of sample collection, (ii) 

the replenishing speed of different CD206-expressing macrophage populations 

in different organs, (iii) the efficacy of mannose targeting or (iv) the differences 

between mouse and human macrophages. 

Table 8.4.1 Summary of macrophage depletion at different organs 

# Organ 
Depletion* 

% 

Mannose 
specific 
targeting 

 

Higher depletion efficacy 
Observed 

group 

1 Blood 40-65 NA NA - - 

2 Spleen 96 NA NA - - 

3 Liver 82 NA Non-tumour-bearing mice 
Clodronate-

liposome 

4 Lung 45 YES Non-tumour-bearing mice 
Both liposome 

constructs 

5 Tumour 0 NA - - - - 

*: Median depletion level across both clodronate-liposome constructs. 

  

Firstly, tumour samples were harvested 4 days post final clodronate-liposome 

injection. It was observed that by this stage the macrophage-like cells in the 

blood in some mice had started to recover but not in the other organs. This may 

be due to the fact that liver and spleen macrophages were the tissue-resident 

populations that normally do not replenish from the blood monocytes as quickly 

as in the lung and intestine338, 611. Mucosal macrophages have been shown to 

be continuously replenished by circulating monocytes in the intestine and 

colon339, 612 and this may be similar throughout the gastrointestinal tract343.  

Therefore, in a chronically inflamed stomach tumour with rapid replenishment of 

blood monocyte-derived macrophage, four days post-drug injection may have 

been too long to observe any changes in macrophage number at the tumour 

site. Tumour tissues harvested at earlier time points (e.g. one day post-drug 
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injection) would be needed to examine the dynamics of macrophage depletion 

in the stomach. If depletion at an early time points was observed, then a more 

frequent dosing regimen will need to be re-evaluated to study the role of 

macrophages during tumour progression and invasion. In addition, the tumour 

take rate in this study was roughly 40% which could be improved with more 

concentrated cell solutions for future experiments. Moreover, peritoneal 

macrophages and intestinal and colonic tissues could be collected for 

comparison as organs that may have more similarities with the stomach. These 

organs were not collected in the current study because they were tumour-

negative based on bioluminescent tumour detection via the IVIS system. 

However, they could be used as a reference of macrophage populations with 

different CD206 expressions in future studies.   

Secondly, the measure of macrophage populations expressing different levels 

of CD206 within the same organ and between different organs may help to 

explain the different depletion results observed in this study. The mannosylation 

of clodronate-liposome was thought to increase the specificity towards the 

CD206+ macrophages. However, given that the principle of targeting 

macrophages with liposomes was based on their phagocytic ability, it is not 

clear how much additive effect conjugating mannose on liposomes could 

provide compared to non-conjugated ones due to the fact that the CD206+ 

macrophages have been shown to also exhibit higher phagocytic ability613. The 

efficacy mannosylation on liposomes could be assessed using an in vitro-

polarised macrophage system by comparing macrophage depletions between 

mannose conjugated and non-conjugated liposome constructs of different 

concentrations with the macrophage of the same CD206 expression.  

Differential CD206 expression was observed between macrophage populations 

between mouse organs in this study. Liver macrophages expressed very low 

levels of CD206 (3%); therefore, may explain why there were no differences 

were observed between the two liposome constructs. Spleen macrophages 

exhibited strong expression of CD206427, 614; however, they were almost 

completely depleted with clodronate-liposome alone and not much of an 

additive effect could have been observed with the mannosylated construct. 
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Indeed, in the lung, the depletion efficacy was more pronounced in the 

mannosylated clodronate-liposome group, suggesting an additive depletion 

effect for the CD206 macrophage. The lung is comprised of tissue-resident 

alveolar macrophages (CD206high) as well as interstitial macrophages615, 616 

(CD206low). The alveolar macrophages originate from the yolk sac and foetal 

liver whereas the interstitial macrophages originate and are constantly 

replenished by bone marrow precursors617, 618. The dynamic changes between 

these cell populations in tumour and non-tumour-bearing mice may explain their 

differential response to depletion but more investigation is required to further 

explore their relationship with systemic immunity from a distant tumour.  

To achieve a more specific CD206+ macrophage depletion, a different route of 

targeting these macrophages that is not dependent on their phagocytic ability 

could be considered (e.g. small peptides619, antibodies345, nanoparticles620) to 

avoid ablating the effect of specific targeting.  

Collectively, the depletion results from different organs indicate that the 

tolerance of macrophage populations to clodronate-liposome differed between 

regions of the body and will need to be evaluated separately.  

Lastly, differences between mouse and human macrophages were observed. 

The macrophage population in the mouse stomach mucosa lacked CD206 

expression, which was in contrast to observations in the human stomach 

mucosa. Further experiments are required to determine whether this 

phenomenon was (i) a true difference between the two species, or (ii) due to an 

issue of animals hosted in a relatively clean laboratory environment or (iii) to 

this specific mouse strain given that CD206 has been shown to upregulate on 

human macrophages after H. pylori infection219 and that CD206 expression on 

mouse gastric mucosal macrophages has been previously reported343.  

The differences in CD206-expression on mucosal macrophages between 

mouse and human suggest that the xenograft mouse model may not fully 

recapitulate the biology of tumour-macrophage interaction at the mucosa and 

muscularis mucosa regions seen in humans if the CD206 receptor on TAMs 

was really functioning. However, the trend of a decreasing pattern of CD206 
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expression from the non-tumour toward the tumour region observed in the 

human GC samples was also observed in the mouse stomach tumours. These 

data indicate that the mechanisms (e.g. oxygen level365) underlying 

macrophage polarisation may be conserved between species and will be 

informative if an exclusive marker(s) between these TAM populations could be 

identified using the mouse model.  

If future validation results show that mouse gastric macrophages were indeed 

resistant to clodronate-liposome depletion, suggesting that this in vivo model 

might be inappropriate for investigating local tumour invasion, it could possibly 

be utilised as a mouse GC model of liver metastasis. Consistent and high 

macrophage depletion in the liver were observed in this study and all mice (9 

out of 9) have been reported to exhibit liver metastases by week 6 post-

xenograft implantation using this model408. 

8.4.1 Summary 

In summary, a working model system allowing for the depletion of macrophages 

using clodronate-liposomes was established. However, this will need further 

optimisation to obtain depletion at the stomach tumour site. Distinct CD206 

expression on macrophages and variable response to drug-induced 

macrophage depletion were found across different mouse organs, between 

mouse gastric anatomic regions and between human and mouse samples, 

reflecting the heterogeneity and its exciting challenges of studying macrophage 

biology that should be considered in future experiments.    
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Chapter 9 : Discussion, Future directions and 

Conclusions  

Characterisation of tumour-associated macrophages (TAMs) has been 

challenging due to (i) their plastic phenotype in response to exogenous 

stimuli621, (ii) the lack of specific markers to distinguish between macrophages 

of different activation states and origins414, (iii) technical difficulties for spatial 

analysis309, and (iv) the inherent differences between species395. Despite 

extensive characterisation of in vitro-polarised macrophages622 and TAMs in 

mouse and human cancer models, the distribution, putative function of these 

cells in GC remains unclear. Likewise, important questions remain unresolved 

of the in situ interaction of macrophage populations with each other and other 

cell types within the GC milieu, and the influence this imparts on clinical 

outcomes.  

To address these challenges, multiplex IHC (mIHC) was utilised as a central 

part of this Thesis due to its ability to enable co-staining of up-to seven markers 

simultaneously and its capability of digitalising cellular information for 

bioinformatic analyses (Chapter 3). Spatial analysis tools were developed 

(Chapter 3) to interpret cell-to-cell interactions and changes in marker 

expression in situ at single-cell resolution (Chapter 4). Cellular density 

information collected from mIHC was correlated with Affymetrix gene 

expression profiles of the matched patient samples to generate cell-specific 

environmental gene signatures (Chapter 5). These signatures were used to 

investigate the putative functions and interaction of TAMs within the tumour 

microenvironment and with tumour-infiltrating T lymphocytes (TILs; Chapter 5 

and 6, respectively), to compare with in vitro characterised TAM populations in 

the literature (Chapter 5) and to validate with published patient cohorts 

(Chapter 5). Additional mIHC panels were established for further cellular 

interaction studies between the TAMs and TILs (Chapter 6 and 7). Finally, 

influences of specific TAM populations, identified with mIHC, on tumour 

invasion were evaluated with an in vivo mouse model (Chapter 8).  
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9.1 Discussion 

Heterogeneity remains a major problem for macrophage studies which limits our 

understanding of their therapeutic implications623 and biological function in 

situ171. This Chapter discusses how the findings from this Thesis could assist in 

addressing current challenges and facilitate our understanding of TAMs as 

described in §1.4, with respect to their:  

1. Spectrum model of activation307, 320 

2. Multiplicity of origin346 

3. Spatial and metabolic reprogramming by the tumour microenvironment309 

4. In situ interaction with other cells468 

5. Fundamental differences between human and animal macrophage 

biology311, 395 

9.1.1 Spectrum model of macrophage activation 

Using multiplex IHC, different TAM populations that goes beyond the bipolar 

classification were observed within the GC microenvironment in this study. 

Whilst the spectrum model307, 320 of macrophage activation has greater detail in 

describing macrophage biology compared to the simplified M1/M2 model, how 

this data can be applied to interpret the biological relevance of macrophages 

has not been well described in the literature.  

The novel data presented in this Thesis on the GC spectrum macrophage 

model with cellular spatial resolution provides important insight into this matter. 

9.1.1.1 Macrophage nomenclature and classification 

The M1 and M2 macrophages have been referred to as spectrum extreme 

phenotypes in some studies624-626. However, in this study, data show that all 

TAMs characterised in situ with either CD163 or CD206 staining (presumably 

M2-like) were associated with a certain level of IL-4/13 signalling. This was 

found to be associated especially with the macrophage populations within the 

non-tumour adjacent normal region, but varied in other unique signatures to 

intra-tumour TAMs (Figure 9.1.1). This may be, in part, due to the basal 

requirement of M-CSF (CSF-1), a critical factor for macrophage survival and 

proliferation in tissues184, 627 and in vitro320, which is known to drive 
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macrophages toward a M2-like phenotype. Because of this, the majority of the 

tissue-resident macrophages in the steady state were described as more M2-

like than M1-like183, 628. These data suggest that, at least in the GC tumour 

setting, the M2 phenotype (by definition associated with IL-4 and IL-13) was not 

an “extreme” subdivision of TAM populations but was among the different TAM 

populations and may even possibly be a more general or upstream phenotype 

of the other TAM subpopulations that were exposed to additional stimuli. 

In summary, the information from this Thesis could be important for the 

nomenclature of macrophages403 and act as a baseline to assist future 

hierarchical clustering studies deciphering the spectrum of macrophages in GC 

and other malignancies.  

 

Figure 9.1.1 Schematic spatial and transcriptomic model of TAMs in GC 

A proposed model proposes that TAM density and marker expression vary between GC tumour 

regions. Distinct marker expression profiles on TAMs were associated with their population 

disparity between the tumour site and non-tumour tissue and between the tumour-nest and 

stroma. TAM populations were associated with signature pathways which may help inform on 

their function and polarization status. A similar trend of marker changes on TAMs was observed 

between the tumour-nest and stroma across different tumour regions (Core, Edge or Margin). 

Mϕ: macrophage. ECM: extra-cellular matrix. Figure from466. 
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9.1.1.2 Functional differences between TAMs within tumour 

regions 

In the literature, CD206 and CD163 are commonly categorised as M2 

markers307 and are used widely and interchangeably to identify M2-like 

macrophages212, 629. However, the results from the present study demonstrate 

the clear differences between the CD206+ (CD163-) and CD163+ (CD206-) 

TAMs. These macrophages differed in their predominant spatial location, PDL1 

status, and proportion size which suggest distinct biological functions in GC 

(Figure 9.1.1).  

CD206 expression has been shown to be related to the protective function of 

ROS in macrophages630 and to be involved in cross-presentation of dendritic 

cells451. However, previous studies that targeted CD206 with antigens resulted 

in cytotoxic T cell tolerance instead of activation in vivo631, 632 via induction of 

CTLA-4 through direct interaction with CD45633. Combined with information from 

the present study, this infers that CD206+ TAMs may be T cell-suppressive, 

given their high PDL1 expression and locational preference at the tumour 

Margin and stroma, overlapping with the location of TILs in our GC cohort. 

CD163 is a functional haptoglobin-hemoglobin and HMGB1 scavenger 

receptor464 and has been shown to be upregulated on macrophages polarised 

with IL-10457. CD163+ macrophages were shown (i) to localise at perivascular 

regions within tissues461, (ii) to exhibit the highest phagocytic ability compared 

to other in vitro-polarised phenotypes315 and (iii) to clear apoptotic debris 

through efferocytosis via enhanced MerTK634 (a phagocytic receptor which is 

under investigation as a TAM-targeting candidate635). Additionally, it has been 

reported that the IL-10-induced macrophage signature was found to coexist with 

the IFN-γ-induced macrophage signature during early stages of burn-related 

wound tissue, but was then gradually decreased and reverted into an IL-4/13-

dominant environment457. Therefore, the observation in this study that high 

accumulation of CD163+ (CD206-) TAMs found within the tumour Core and 

tumour-nest (§4.3.1 and §6.3.4), may represent the TAMs that have been 

polarised by the leaky nature of the tumour vasculature636 and functioning to 

clear tumour cellular debris from active inflammation-related death.  
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However, interestingly, IL-10 has also been shown to reduce inflammation-

induced macrophage phagocytosis of healthy host cells637. TAMs have also 

been shown to effectively prime T cells468 (as discussed in §7.4.5.1). Therefore, 

it is crucial to confirm if the subset of CD68++CD163+ TAMs which highly 

expressed NOX2 were more pro-inflammatory and pro-immune555 or extremely 

immune suppressive638 and tissue regenerative457. This would have 

fundamental implications for future therapeutic applications.  

In summary, the data from this study support recent publications advocating the 

reassessment of using the bipolar M1/M2 classification171 and indicate that 

CD206 and CD163 are not interchangeable markers. Co-staining of both 

CD206 and CD163 on the same tissue is required for future studies focusing on 

TAM heterogeneity in situ to discriminate between these TAM populations. 

9.1.1.3 Identifying cell populations for specific therapeutic and 

diagnostic targeting 

Using the spatial information derived in this study, the generally-accepted 

concept that “cell abundance positively correlates with functional importance” 

may be challenged. 

In bioinformatic analyses of high dimensional data (e.g., flow cytometry and 

CyTOF639, and single-cell RNA sequencing640), a decent size of a cell cluster 

and a high cell type frequency are often used as parameters to evaluate the 

quality of unsupervised clustering. However, in this study, the median distance 

of immune cells to tumour cells and cell populations that were embedded in the 

tumour-nest (presumably with more chance of interacting with the tumour cells) 

were found to be independent of their overall density. Just 13% of the CD8+ 

TILs were PD1-positive (CD8+PD1+), and only 3% of the CD68++CD163+ 

TAMs and 5% CD8+PD1+ TILs were in direct contact within the 

Immune/Tumour trios. These parameters, however, were more characteristic of 

patient survival than overall immune densities, suggesting that the effector 

immune cells were not of the ones with the highest number within the tumour 

microenvironment. These data align with other studies demonstrating that the 

proximity of immune cells to tumour cells422 and other immune cells423 
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correlates with better prognosis of patients with pancreatic and oral squamous 

cell cancer, respectively. Importantly, in this Thesis, it was confirmed that both 

the quantity and location of immune cells to tumour cells were important for 

predicting patient survival in GC, with the proximity of immune cells to tumour 

cells being more important than proximity between different immune cells. A 

recent publication has shown that despite the elevated CD8+ TILs number 

observed within human lung and colorectal tumours, a large proportion were 

CD39-negative non-tumour-specific bystanders595. This suggests that the 

overall abundance of immune cells does not fully denote functional importance.  

Multiple approaches for targeting TAMs have been explored with targeting of 

CD206-positive619, 641 or CD163-positive638 populations showing therapeutic 

promise in mouse models. The findings from this study suggest that if the same 

compounds/antibodies examined in these studies619, 638, 641 were used to treat a 

GC patient, the combination of both may have synergistic effects if the CD163+ 

TAMs are truly immune suppressive. In addition, given the high expression of 

CD206 and CD163 on resident macrophages in the lung453 and liver460, 

respectively, this dual targeting of CD206+ plus CD163+ TAMs may have 

different the overall side effects related to macrophage depletion compared to 

using a single reagent alone.  

Additionally, given their high PDL1 expression, therapies targeting the CD206+ 

TAMs may be combined with anti-PD1/PDL1 inhibitors642 or be utilised as 

biomarker for patient stratification. Alternatively, targeting the angiogenesis-

promoting CD163+ TAMs643 could potentially be combined with other anti-

VEGF agents to overcome macrophage-mediated drug resistance644. Moreover, 

a combination of macrophage targeting and radiotherapy285 that results in 

removing macrophages within hypoxic regions after stereotactic radiation201, 365 

could possibly reduce the pro-tumour effect of TAMs364 and limit the 

invasiveness of tumour cells192, 645.  

Importantly, the spatial distribution differences between the CD206+ and 

CD163+ TAMs could possibly be used for enhancing the precision of non-

invasive tumour imaging646. Radioisotope-labelled antibodies (or fragments) 

targeting CD206647, 648 or CD163649 on macrophages are being developed for 
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PET imaging. The results from this study suggest that using a CD163 targeted 

PET tracer may provide a more precise identification of the tumour Core, whilst 

using a CD206 tracer alone or in combination with CD163 may assist in 

identifying the interface between the tumour site and normal gastric tissue. 

In summary, the data in this study demonstrate how obtaining spatial 

information, in addition to overall cell density, could inform the identification of 

the true effective immune populations in the tumour as candidates for future 

studies and for more precise targeted diagnosis and therapy. 

9.1.1.4 PDL1 expression on macrophages and immune therapy 

The PD1/PDL1 axis is currently the most intensively examined immune 

checkpoint therapy for GC and many other solid tumours650. PDL1 

immunohistochemical staining of tumours has been used as a biomarker for 

patient selection126; however, is now recognised that PDL1 is not a good 

predictor of patient survival651 and response to treatments126.  

One study suggested that the expression of PDL1 on both GC tumour and 

stromal cells was associated with poor overall survival133, whilst another study 

showed that PDL1 on both tumour and infiltrating immune cells was a predictor 

of improved overall survival558. Additionally, PDL1-positivity was only 50% 

predictive of response in metastatic GC patients undergoing PD1 inhibition126. 

Interestingly, it has recently been shown that heterogeneous origins of PDL1-

expressing cells had a distinct influence on the immune system during early 

lung cancer development468. PDL1-expressing tumour cells were found to 

exhibit T-cell suppressive properties whilst PDL1-expressing TAMs (defined as 

CD11b+CD14+HLA-DR+) were not inhibitory of cytotoxic T cell cytokine 

production or proliferation468, 652. Instead, TAM-derived PDL1 functioned as a 

self-protective mechanism for the macrophages during antigen presentation to 

effector cytotoxic T cells468. Although it is necessary to verify if these findings 

from other tumour models also exist in GC and if any functional differences exist 

between the CD163+ and the CD206+ TAMs as identified in this study, these 

data demonstrate that the source of PDL1 within the tumour microenvironment 

may not all be immune suppressive, and is grounds for further investigation with 
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the aim of more precise patient stratification in the use of checkpoint inhibitors 

(Figure 4.3.24). 

In summary, the PDL1-analysing methods developed and the CD68/CD206 

biomarker identified in this study could potentially be utilised and tested in a 

checkpoint-treated GC cohort with the potential to derive a more precise 

method for patient stratification. 

9.1.2 Multiplicity in TAM origin 

Tissue-resident and monocyte-derived macrophages were previously found to 

have opposing effects on tumour carcinogenesis using bone-marrow 

transplantation mouse models346 (§1.4.2). However, functions of human 

macrophages cannot be determined using this methodology and there are no 

exclusive markers to distinguish these macrophage populations from each 

other384. 

While the markers used in the present study were not able to differentiate 

macrophages of different origins on their own, using a combination of marker 

signatures and spatial information, it was possible to identify the macrophage 

populations that were more abundant in the adjacent non-tumour tissue (e.g. 

the CD68-only, CD68+CD206++ and the CD68+CD163CD206+ macrophages) 

compared to the TAMs within tumour regions (Core, Edge and Margin). 

Surprisingly, the CD68+CD163+CD206+ macrophages, which express both 

M2-like markers, were found to be consistently located furthest from the tumour 

cells. This suggests that they were not the main population affecting tumour 

cells directly and may be bystanders co-existing in the microenvironment. 

These CD68+CD163+CD206+ macrophages showed accumulation at the 

tumour Margin and exhibited relatively high PDL1 similar to the CD206+ 

(CD163-) TAMs, but the environmental gene signature of these macrophages 

was more related to the CD163+ (CD206-) TAMs. 

In a recent study, a subset of CD163+CD206+ omentum tissue-resident 

macrophages with high T-cell membrane protein 4 (TIM-4) expression has been 

shown to promote metastatic spread of ovarian cancer653. M-CSF-differentiated 

but unpolarised naïve macrophages have been shown to co-express CD163 
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and CD206414. Based on this evidence, it is possible that the 

CD68+CD163+CD206+ macrophages identified in this Thesis consist of several 

different populations, including (i) true tissue-macrophages, and (ii) a transient 

phenotype between the CD163+ (CD206-) and CD206+ (CD163-) populations 

(especially the macrophages that accumulate at the Margin), and (iii) recruited 

but unpolarised naïve macrophages (which may explain their distant 

relationship with the tumour cells). These data may reflect the differences in 

distribution between macrophages of different origins reported in the literature 

showing that the tissue-resident macrophages were located at the invasive front 

of a tumour whilst monocyte-derived TAMs resided at the intra-tumoural regions 

in a mouse glioma model324 (§1.4.2). 

In summary, the data in this Thesis show that, using a combination of multiple 

markers in conjunction with spatial information, it was possible to identify 

macrophage populations that were either more associated with normal tissue or 

with tumour. These macrophages could then be sorted from fresh GC tissue 

collected from different regions of a tumour for subsequent single-cell RNA 

transcriptional analyses to identify more specific markers and gene signatures 

to better characterise these different TAM populations. 

9.1.3 Spatial and metabolic reprogramming of macrophages 

A key finding of this Thesis is the heterogeneous but organised distribution of 

TAM populations across different regions of interest and tumour area. These 

data demonstrate that the distribution of TAMs was not random but was highly 

influenced by their proximity to tumour cells. There was an overall decrease of 

CD206 cells when moving nearer tumour cells. In contrast, there was an 

increase in IRF8, CD68 and CD163 expression on TAMs closest to the tumour 

core (tumour-nest; Figure 9.1.1). These gradual changes in markers between 

regions and areas of the microenvironment contributed to the spectrum of TAM 

populations observed in this study and could be related to (i) the dynamic 

metabolic activities in different regions365 (§9.1.3.1 and §1.4.3) and (ii) the 

diffusion threshold of cytokines within the tissue476-478 (§9.1.3.2). 
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9.1.3.1 Reflecting on the dynamic polarisation of TAMs in situ 

The interaction between TAM populations remains relatively undescribed 

compared to other, better characterised, cell types such as T cells422. The 

diversity of both pro- and anti-inflammatory cytokines in a shared location can 

contribute to their heterogeneity654 and the co-existence of different populations 

may not just reflect the interaction between terminally differentiated subtypes 

but also reflect the dynamic plasticity inherent to macrophages and the change 

from one phenotype to another365. For example, IL-1β and IL-6 are produced by 

pro-inflammatory macrophages655 and the low level of autocrine IL-10 from 

these macrophages can serve as a self-protective mechanism386-388 which can 

potentially polarise adjacent macrophages into M2-like phenotypes. In this study, 

the CD68+IRF8+, CD68+CD206+ and CD68++CD163+ TAMs were found to 

co-exist in the same tumour and correlated with increased in IL-1-, IL-6- and IL-

10-associated pathways, respectively. Moreover, IL-1β is an early response 

gene and IL-6 is a late response gene in inflammation656, 657, suggesting that the 

co-existence of different TAM populations may also reflect their dynamic 

polarisation process in tissues658 that was been captured in a snapshot of time. 

In addition to the influence of environmental cytokines and chemokines on 

macrophage polarisation, reduced oxygen levels have been shown to be 

associated with a reduction in CD206 on an in vitro cultured mouse 

macrophage cell line365. This hypoxic response could be a reasons for 

decreased CD206 on TAMs closer to the GC tumour Core in human (Figure 

9.1.1), as well as on mouse stomach TAMs (Figure 8.3.20 ) in this study.  

In summary, the findings in the present study indicate there is utility in a more 

detailed TAM sub-classification based on co-localisation information that may 

help deconvolute whole tumour-derived gene expression data to understand the 

tumour microenvironment. 

9.1.3.2 Identifying polarisation distance thresholds in situ  

The diffusion distance of cytokines in situ is difficult to determine and likely 

differs between cytokines478, 659. Previous studies have examined the signalling 

of TNF-α in macrophages and IL-2 in T cells, using in vitro reporter systems 
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combined with computational modelling476-478. Interestingly, a distance of 40-50 

µm was reported in these studies476-478 to be the estimated maximum diffusion 

distance in situ. The median distance of TAM populations to tumour cells 

identified in this Thesis was within 10-30 µm and the number of TAM-tumour 

pairings all peaked within 10-20 µm of the tumour cells in the tumour Core, 

within this estimated cytokine diffusion range.  

The 0-10 µm distance was defined in this Thesis as the criterion which 

resembled direct cell-cell interaction between neighbouring cells (§3.3.5). 

Therefore, this 10-20 µm zone with the maximum paring of TAMs and tumour 

cells could be viewed as the window where paracrine/autocrine effects of the 

TAMs convert into direct-contact interactions with the tumour cells. Importantly, 

using the spatial analysis methods developed in this study, the enhancement of 

NOX2 on the CD68++CD163+ TAMs was observed starting when 40µm apart 

and reached maximum when in 20µm in proximity with the CD8+ TILs (§7.3.6). 

In contrast, the PD1 expression on the CD8+ TILs was only upregulated when 

the TAMs and TILs were in direct contact. These findings suggest that, in 

combination with tissue-microdissection and cell-isolation techniques, the 

different distance thresholds (0-10 [direct contact], 10-40 [paracrine] and >50 

µm) could potentially be used for partitioning the tissue for subsequent 

genomic/proteomic analyses660 for future studies investigating TAM polarisation 

or phenotypic change in situ. 

In summary, the data of this Thesis can (i) be used to generate hypotheses on 

how different immune cell populations communicate within the tissue and (ii) be 

utilised as additional variables to be put into computational models476-478 to 

investigate cytokine/chemokine diffusion distance thresholds in situ. 

9.1.3.3 Implication as a tumour microenvironment biomarker  

In this Thesis, the distribution of TAM populations within the GC tumour was 

identified to be dependent on their proximity to tumour cells. However, no 

substantial associations were observed between TAM populations and clinical 

parameters, with the exception of survival-relevance of CD68++CD163+ TAMs. 

Clinical parameters including cancer subtypes and tumour staging, clearly 

define the progression of GC, but fail to inform on the heterogeneous and 
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dynamic change of the tumour microenvironment which is influential for TAM 

polarisation in situ309. This plasticity of TAMs may explain the inconsistency 

between studies attempting to identify TAM biomarkers of patient outcomes211, 

468. However, due to this faithfulness of TAMs in reflecting environmental 

stimuli309, 645, it makes them the ideal biomarker for studying different metabolic 

activities within the tumour microenvironment. It is technically difficult to stain 

each of the cytokines and chemokines in a tissue and, in addition, would be 

impossible to determine the “balance” of these pro- and anti-tumour signalling in 

the microenvironment with current technology. However, the detection of TAM 

populations may be more practical. A change from an anti- to a pro-

inflammatory tumour microenvironment post immune checkpoint therapies has 

been reported in mouse models and was characterised by the shift from a 

CD206-dominant to an iNOS-dominant macrophage phenotype301. In this study, 

the abundance of CD68++CD163+ TAMs was related to an elevated 

inflammation score of patients and reflected the overall enhanced immune 

signalling in these tumours. Lastly, with the advance in computational machine 

learning, “immune context”, which incorporates the density and distribution of 

multiple cell types, is now being examined as a biomarker by others661. This 

may increase the value of TAMs as indicators of a response to cancer therapies.  

In summary, using the detailed TAM subgrouping methods described in this 

study, TAMs potentially could be utilised as critical references for studying the 

complicated and heterogeneous tumour microenvironment which is now 

considered as one of the drivers of GC progression213 and indicators of choice 

of therapy and response147. 

9.1.4 Interaction of macrophages with other cells 

9.1.4.1 TAM interaction with TILs 

TAMs and TILs are two well documented immune infiltrates in GC404, 650 and 

their spatial and transcriptomic interactions were investigated in this Thesis. 

TAM and TIL densities were found to be positively correlated within tumours 

suggesting the possible interaction between the innate and adaptive immune 

systems. Interestingly, the CD163 expression on TAMs was found to increase 

on TAMs nearer tumour cells, and was enhanced specifically within the clusters 
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of pSTAT6+ non-macrophage/tumour cells whose locational pattern resembled 

T cells. This suggest that the TILs, in addition to tumour cells, could be 

contributing to the polarisation of specific TAM populations in situ.  

Helper T cells662, regulatory T cells663, tumour cells664 and the 

monocytes/macrophages themselves546 have all been reported as being the 

source of IL-10 which was identified as the cytokine related to the CD163+ 

(CD206-) TAMs in this Thesis. Interestingly, IL-10/IL-35-positive regulatory T 

cells have been shown to promote CD8+ T cell exhaustion665 and activated 

regulatory T cells were found to secrete IL-13 and promote macrophage 

efferocytosis during inflammation resolution through a self-enhancing IL-

10/STAT3-associated pathway666.  

In this study, the environmental gene signatures were compared between each 

TAM and TIL population. Their correlation was (i) described at the whole tumour 

scale (§5.3.2, §6.3.5 and §6.3.6), and (ii) a schematic model was generated by 

combining these results with their spatial distribution relative to tumour cells 

(Figure 9.1.2). However, the key factors as to why the CD163+ TAMs were 

enriched within the pSTAT6+ non-TAM cell regions, and the distribution of 

TAMs and TILs around tumour cells within regional microenvironments remain 

undetermined. These results indicate that inclusion of the staining of candidate 

cytokines within the gene signatures (e.g., IL-1, IL-6 and IL-10), as well as other 

cellular and microenvironment markers (e.g., cell death markers; as discussed 

in §7.4.5), are required to further elucidate the drivers of these dynamic 

interactions between cells.  
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Figure 9.1.2 Schematic spatial and transcriptomic model of the TAMs and 
TILs within tumour Core 

TAM and TIL populations are distributed unevenly between the tumour-nest and stroma and 

located at different distances to tumour cells. Each immune population is associated with a 

unique environmental gene signature and share different signalling pathways between immune 

cells. The CD68++CD163+ TAMs, CD8+PD1+ TILs and the CD3+CD4+FOXP3+ TILs are 

associated with improved patient survival in our cohort. Dashed line: distance (20 µm from 

tumour cell) defined tumour-nest and stroma. Red/Blue circle: TAM/TIL populations labelled. 

Lines connecting circles: significant Spearman correlation between cell populations. Thickness 

of lines represents significance of correlation. Number labelled on the circles: median distance 

of each population to tumour cells. Black labels: associated pathways/genes/markers unique to 

each cell population or shared between populations. Star sign: significant positive association 

with patient survival. Cyan P circle: PDL1-expressed populations. 
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The observation that TILs were related to the distribution of certain TAM 

populations may be one of the reasons for the limited therapeutic effects 

observed in clinical trial data targeting TAMs alone667 and for why immune 

checkpoint blockade and chimeric antigen receptor (CAR) T cell therapy were 

less effective in solid tumours668. Due to the important roles of tissue-resident 

macrophages in non-tumour organs (as described in §1.4.2), the efficacy of 

current non-discriminant TAM-targeting approaches (§1.3.4) are limited so that 

overdosing of these drugs could lead to life-threatening side effects in 

humans669 and in mice, as shown in the safety study in this Thesis (§8.3.1). The 

small proportion of TAMs that survived the targeting approaches could have 

been repolarised by both TILs and tumour cells into the functional TAMs 

needed for tumour survival given that macrophages have been shown to 

impede CD8 T cells in reaching the tumours670. This evidence suggests that to 

enhance the efficacy of anti-tumour effects of these therapeutic approaches, 

targeting both TILs and TAMs is required. Indeed, CAR T cells engineered to 

express IL-12 were shown to enhance anti-tumour effects via a macrophage-

mediated response in mouse that was antigen independent671. Dual targeting of 

the innate and adaptive immune systems in mice with anti-CD47 (§1.3.4.3) and 

anti-PD1/PDL1 showed synergistic effects with checkpoint inhibitors against 

solid tumours and circulating tumour cells278 by limiting tumour cell immune 

evasion672.  

These advances in the literature outline the demand for elucidating the possible 

interactions between the CD68++CD163+ TAMs and CD8+ TILs that could be 

associated with the NOX2/PD1 axis observed in this Thesis. This includes the 

actual functions regarding the TAM’s immune promoting/suppressive property 

and the TIL’s immune activated/exhausted status (as discussed in §7.4.5). 

Depending on the real effects of these TAMs, NOX2 inhibitors673 or 

enhancers674 could be tested in combination with checkpoint inhibitors as future 

therapeutic approaches. Bi/tri-specific antibodies675, 676 that targets CD163 and 

CD8 could be developed to function as cellular linkers to facilitate the 

engagements of TAM/TIL pairs if they were cooperative. Blocking antibodies, 

such as targeting the MerTK (highly-expressed by the IL-10-polarised 
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macrophages634 and TAMs635) and the PD1 on TILs, may be applied to avoid 

communications between these cells of interest. 

In summary, published studies as described above suggest that dual targeting 

of innate and adaptive immunity may enhance the efficacy of immune 

checkpoint therapies. The NOX2/PD1 axis between the CD68++CD163+ TAMs 

and the CD8+ TILs identified in this study may be a novel target for future 

therapeutic approaches and the mechanism behind these cells is important to 

reveal. 

9.1.4.2 TAM interaction with other cell types 

In addition to TILs, cancer-associated fibroblasts (CAFs) are one of the stromal 

populations that have been shown to influence macrophage polarisation and 

function677. The co-existence of macrophages and fibroblasts has been shown 

to facilitate the formation of primary gastric organoids678. Feedback loops 

between these cell types via CSF-1 and platelet-derived growth factor (PDGF) 

were identified for maintaining tissue stability391. CAFs were found to promote 

M2 macrophage polarisation and coordinated with them to suppress NK cells 

functions in colorectal cancer679. Importantly, CAFs were shown to promote 

PDL1 expression on neutrophils via the IL6/STAT3 pathway and foster immune 

suppression680. This evidence suggest that the CAFs may be especially 

associated with the CD206+ TAMs, which were more stroma-oriented,  

accumulated at the tumour margin and may also be inducing their high PDL1 

expression.  

Dendritic cells681, mast cells682, myeloid-derived suppressor cells683 (MDSCs) 

and NK cells684 have all been reported to be associated with the TAM functions 

or with GC progression in the literature. While no specific data on these 

interactions were investigated in this study due to limitations in the number of 

antibodies with the OPAL multiplex IHC system, it would be an interesting area 

to pursue as a future direction. A better understanding of the cooperation of the 

whole immune/stroma system could elucidate the role of TAMs and their 

polarisation in situ. 
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9.1.5 Macrophage markers: Too similar and too different 

One of the most challenging aspects of characterising macrophages is the lack 

of exclusive markers between populations384. In this study, although none of the 

markers were exclusive and overlapped between TAM populations and tumour 

regions, using their combined marker signatures with spatial information could 

enhance the interpretation and identification of different TAM populations in situ 

through their relative distances to tumour cells and between immune cells. 

Moreover, the inclusion of functional markers (e.g. PDL1, NOX2, and PD1), in 

addition to lineage markers, could provide further information on the status of 

activation of immune cells and improve our understanding of their putative 

functions within the tumour environment and ultimately their impact on clinical 

outcomes. 

Interestingly, a significant difference in the CD206 expression on macrophages 

in the gastric mucosa of mouse and humans was observed in Chapter 8. This 

result highlights the need to carefully assess the use of animal models in 

translating macrophage-related findings into humans. However, the pattern of 

decreasing CD206 from the stroma toward the tumour region was conserved 

between species and also between tumours in mice at different locations, 

suggesting a certain level of similarity in CD206 regulation that may be due to 

the level of hypoxia365. Given the difficulty in accessing human tissues, using 

mouse models for the identification of regulators of CD206 and for functional 

studies will remain an informative tool. 

9.1.6 The roles of macrophages in gastric cancer 

The overall aim of this Thesis was to elucidate the roles of macrophage 

populations in gastric carcinogenesis and their putative functions at spatial and 

transcriptomic levels. Multi-function and plasticity are the hallmarks of 

macrophages240 and were reflected in the gene signatures derived from this 

study (Figure 9.1.3).  

A number of gene signatures were used or generated in this study including: 

(i) Published by Busuttil et al.213 which utilised the MAUGIC-Affy cohort to 

identify the stromal-gene correlation with macrophages in GC 
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(ii) Refined literature-derived, in vitro-polarised macrophage signatures (Figure 

5.3.16) which characterised a specific subset of patient with high immunity 

(iii) Overall CD68++CD163+ TAM-derived environmental gene signatures 

(genes correlated with cell density; Figure 5.3.10) 

(iv) The refined CD68++CD163+ TAM signature (genes identified with pathway 

analyses; Figure 5.3.11) 

(v) Highly-upregulated genes between patients grouped with the refined 

CD68++CD163+ TAM gene list (High-to-Low in Figure 5.3.11). 

These TAM gene signatures were associated with cellular functions ranging 

from (i) stromal213 and epithelial–mesenchymal transition to (ii) immune 

response415 and  inflamed tumour microenvironment137 (Figure 9.1.3). These 

data may be one of the reasons why the influence of macrophages in gastric 

cancer literature is so diverse. Macrophages are involved in a variety of 

biological process and most studies only focus on a subset of those biological 

activities, making it difficult to de-convolute their specific function when looking 

at an entire tumour microenvironment.  

In summary, careful evaluation of the relationship of different macrophage 

populations with the tumour microenvironment, among macrophages and with 

other cell types are required. Accepting their spectrum of phenotype or 

activation state320 with spatial information420, 466, combining RNA profiles at the 

single cell level306, and integrating the information from other immune cell types 

with machine learning661 and system immunology685, could improve our 

understanding of this mercurial cell type. 
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Figure 9.1.3 Multi-function and plasticity of macrophages in gastric cancer 

EMT: epithelial-mesenchymal transition. (1) Stromal genes213  identified by Busuttil et al. to be 

associated with macrophage in GC. (2) Refined in vitro-polarised macrophage genes related to 

Figure 5.3.16. (3) Top 100 overall and (4) refined CD68++CD163+ TAM-derived environmental 

gene lists related to Figure 5.3.10 and Figure 5.3.11, respectively. Identified with Spearman 

correlations between density and gene expression for (3), and further incorporating associated 

pathways for (4). (5) Top 100 upregulated (fold change) genes between patients grouped with 

the refined CD68++CD163+ TAM gene list (High to Low in Figure 5.3.11). 
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9.2 Limitations 

9.2.1 Subjective phenotyping and criterion setting 

While mIHC was superior in characterising the spatial heterogeneity of TAMs, 

the number of TAM populations identified in this study was restricted due to the 

limitation of the technology (e.g. number of colours available) and marker 

availability (e.g. cytokines) compared to using other techniques (e.g. flow 

cytometry, CyTOF, single-cell sequencing)320, 322. Therefore, similar to any other 

types of IHC studies, subjectiveness in mIHC remains a problem that is inherent 

in the technology.  

In this study, the results from subjective cell phenotyping were validated with 

unsupervised clustering methods, with the combination of marker signatures, 

with gene signatures from published literature and with online cancer survival 

cohorts demonstrating the reproducibility of the findings. Absolute expression 

thresholds to define marker positivity were difficult to determine between and 

within patient samples, the use of relative expression (high/low) for the marker 

was more appropriate. However, whether these differences in intensity 

represented cell types with different functionality require further investigation 

which will require isolation of TAM populations of interest for genomic/proteomic 

analyses in future studies.   

Last but not least, it cannot be overemphasised that the results from this Thesis 

do not advocate that “seven” is the optimal grouping for TAMs but rather it was 

referred as seven “predominant” populations. The groupings were based on the 

four TAM markers used with mIHC within the setting of GC. This number can be 

further refined if additional markers are incorporated and may change if the 

same panel were applied to another cancer model. 

9.2.2 Correlation is not causation 

Environmental gene signatures were generated with cell densities in this study 

to provide putative identities of these cell populations within the tumour 

microenvironment and were used as surrogates of the cellular density 

information for the samples that were not available for mIHC techniques. 

However, these were done in the context of whole-tumour lysates where cells of 
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gene expression origin were unknown. The gene expression data would have 

been affected by the dominant cell types with higher proportion among all cells 

within the tumour. Therefore, further work is required to investigate the origin of 

these genes for more specific therapeutic implications. 

Importantly, while survival associations were made with some TAM and TIL 

populations in this study, these analyses were done by comparing patient 

survival to tumour samples ex vivo. Further investigations are needed to 

evaluate if an enhanced immune infiltrate observed within the tumour 

microenvironment could reflect to their systemic immune activity and the 

efficiency of their immune system in killing malignant cells. Non-tumour samples 

(e.g. blood) collected from the same patients may be utilised as additional 

biomarkers to determine their immune activities. 

  



285 
 

9.3 Remaining challenges and future directions 

This Thesis demonstrates how spatial information assists the utilisation of the 

macrophage spectrum model307, 320 to elaborate on the putative function of 

TAMs in situ. Remaining challenges include overcoming the limitations 

discussed in the previous section (§9.2) and the identification of the spatial 

properties of additional markers that were not included in this study. 

Firstly, to improve the specificity of macrophage classifications, the inclusion of 

additional lineage markers (e.g. CD45, CD11b), is required. However, this 

approach will need to compromise markers used for macrophage population 

classification if using the current mIHC method. A possible alternative approach 

could be the use of the newly-developed Imaging Mass Cytometry technique, 

which allows co-staining of 40 markers simultaneously on a single tissue 

section686-688. This technique, similar to CyTOF, utilises the spectral signatures 

of metal isotopes to overcome the spectral-overlap of traditional light-based 

fluorescent dyes for more sensitive and precise detection of biological targets. 

This could improve the specificity of TAM classification and also aid in refining 

TAM populations. More importantly, functional markers for the CD68++CD163+ 

TAMs and CD8+PD1+ TILs, as discussed in §7.4.5, and lineage markers for 

other cell types can be incorporated to gain a more comprehensive view of the 

interaction of cells in situ. In addition to visualising markers of interest, spatial 

transcriptomic methods660, 689, 690 which allow gene profiling at selected regions 

of a tissue section could be applied. These techniques, involve either (i) tissue 

segmentation of specific regions followed by RNA extraction or (ii) acquire RNA 

profiles of a tissue region directly using microscope slide-attached primers, 

providing additional spatial information in parallel to allow gene expression 

compared to single-cell RNA sequencing. However, these technologies are 

limited in resolution with the diameter of approximately 100 µm compared to the 

majority of cell distances to tumour cells identified in this study that were 

described as being within 20 µm, suggesting the spatial transcriptomic methods 

may not yet be ideal for identifying cells of origin.  

Secondly, the combination of single-cell RNA-seq with mIHC or Imaging Mass 

Cytometry of the same sample could help improve the subjective nature of the 
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imaging methods by combining spatial data and quantitative gene expression 

data. These complementary results could provide the functional status of each 

TAM population and inform the appropriate thresholds for marker positivity 

within a continuous spectrum model307, 320. Genes of interest from the 

sequencing data could then be validated with the imaging method at a protein 

level similar to the multiplex NOX2 panel described in this Thesis and to confirm 

the signal origins within the microenvironment.  

Finally, it is unavoidable that functional assessments of targets and information 

from these types of studies need to be conducted in appropriate model systems. 

Functional assessments of these targets will need to be validated in vitro (e.g. 

co-culturing of TAMs and TILs with tumour cells using 3-D migration/invasion 

assays) and in vivo for specific therapeutic targeting purposes and could be 

tested on different cancer models given the possible different nature of immune 

context observed in this study (§7.4.5 and §9.1.4.1).  
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9.4 Concluding remarks 

Macrophages are diverse populations of cells189 with great therapeutic potential 

in cancer240. In this Thesis, I aimed to explore the presence, biology and clinical 

influence of the spectrum320 tumour-associated macrophage model in the 

context of gastric cancer. As a result, I 

1. Established multiplex IHC and bioinformatic platforms for understanding 

cell-to-cell interactions in situ 

2. Outlined the spectrum model320 of tumour-associated macrophages and 

their tumour-orientated spatial heterogeneity at both macro and micro 

levels 

3. Generated environmental gene signatures which may reflect the 

interactive process between immune cells and with the tumour 

microenvironment 

4. Presented the similarities between tumour-associated macrophages and 

in vitro-polarised macrophage populations and further summarised 

possible cytokines that may be relevant to their polarisation in situ 

5. Identified the CD206+ TAM population as most relevant to high PDL1 

expression 

6. Proposed the NOX2/PD1 axis as a possible mechanism underlying 

improved patient survival associated with the CD68++CD163+ TAMs and 

CD8+ TILs 

7. Established an in vivo macrophage depletion protocol in a mouse model 

of gastric cancer invasion and metastasis 

More importantly, I provided the insight of how a spectrum macrophage model 

with spatial content can be utilised to interpret their biological interactions within 

gastric cancer. I demonstrated the importance of using high-resolution 

characterisation (i) to understand the role of macrophages in tissues, (ii) to 

identify the effective immune populations as potential therapeutic targets and 

prognostic indicators and (iii) to understand the dynamic interactive immune 

landscape in gastric cancer. 
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Appendices 

Appendix 1 Macrophage spatial heterogeneity in gastric cancer defined by 
multiplex immunohistochemistry, Nature Communications, 2019 (Main 
and Supplementary data)  
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Appendix 2 Identification and characterisation of TAM populations 
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Appendix 2 Continued 

 

(A) M1-like macrophage: CD68+IRF8+ and CD68+. Non-macrophage IRF8+ cells: CD68-IRF8+. 

AE1AE3+: Tumour cells. (B) Co-localisation of three M2-like macrophage populations: CD163+ 

(CD206-), CD206+ (CD163-) and CD163+CD206+. Scale bar: 20 µm. (C) Representative image 

of the CD68+CD206++ and CD68+CD206+ TAMs and marker intensity of CD68 and CD206 on 

TAMs analysed with the ImagePro software. Intensity of markers on numbered cells were 

plotted in the matched numbered plots and single-stained IHC image of CD68 and CD206 from 

the same section. Red circle: CD68+CD206++ TAMs, Green square: CD68+CD206+ TAMs. X 

axis: Distance in pixels, Y axis: Intensity of marker. Colours in the plots: CD206 (red), CD68 

(green) and DAPI (blue). Scale bar: 100 µm. (D) Quantification of the maximum intensity of 

CD68 and CD206 on the macrophages (n=20 for each population) in (C). Bar and error bars 

represent mean ± SD, ***p<0.001. Mann-Whitney U test. Figure from466. 
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Appendix 3 in vitro-polarised macrophage genes 

Differentially-expressed genes between the M1/M2 macrophages identified from the literature.  

 

M1-like (71) M1/M2-like (19) 

No. Gene probe Gene probe Gene probe 

1 AK3 224655_at INHBA 210511_s_at ADAMDEC1 206134_at 

2 APOL1 209546_s_at IRF1 202531_at CCL2 216598_s_at 

3 APOL2 221653_x_at IRF5 205469_s_at CD68 203507_at 

4 APOL3 221087_s_at IRF7 208436_s_at CLEC7A 221698_s_at 

5 APOL6 241869_at IRF8 204057_at HCK 208018_s_at 

6 ATF3 202672_s_at LAMP3 205569_at HLA-DQA1 213831_at 

7 BCL2A1 205681_at NAMPT 1555167_s_at HLA-DRB4 209728_at 

8 BIRC3 210538_s_at NOS2 210037_s_at IL18 206295_at 

9 CCL15 210390_s_at OAS2 204972_at IL18R 206618_at 

10 CCL19 210072_at OASL 210797_s_at IL18RAP 207072_at 

11 CCL20 205476_at PDGFA 205463_s_at IL23 220054_at 

12 CCL4 204103_at PFKFB3 202464_s_at IL6 205207_at 

13 CCL5 1405_i_at PFKP 201037_at IL8 202859_x_at 

14 CCR7 206337_at PLA1A 219584_at TGFB2 220407_s_at 

15 CCR8 208059_at PSMA2 201317_s_at TGFB3 209747_at 

16 CD38 205692_s_at PSMB9 204279_at TGFBI 201506_at 

17 CD40 205153_s_at PSME2 201762_s_at TNFAIP6 206025_s_at 

18 CHI3L2 213060_s_at PTX3 206157_at TNFalpha 207113_s_at 

19 CXCL1 204470_at RSAD2 242625_at TNFSF10 202687_s_at 

20 CXCL10 204533_at SLC2A6 220091_at 

    

21 CXCL11 211122_s_at SLC31A2 204204_at 

22 CXCL16 223454_at SLC7A5 201195_s_at 

23 CXCL2 209774_x_at SLCO5A1 220984_s_at 

24 CXCL3 207850_at SPHK1 219257_s_at 

25 CXCL9 203915_at STAT1 209969_s_at 

26 CXCR3 217119_s_at XAF1 206133_at 

27 CYP27B1 205676_at 

    

28 EBI3 219424_at 

29 EDN1 218995_s_at 

30 FAS 204780_s_at 

31 GADD45G 204121_at 

32 HESX1 211267_at 

33 HSD11B1 205404_at 

34 IDO1 210029_at 

35 IFNA1 208344_x_at 

36 IFNG 210354_at 

37 IGFBP4 201508_at 

38 IL12A 207160_at 

39 IL12B 207901_at 

40 IL15 205992_s_at 

41 IL15RA 207375_s_at 

42 IL1A 210118_s_at 

43 IL1B 205067_at 

44 IL2RA 211269_s_at 

45 IL7R 205798_at 
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Appendix 3 Continued 

 

M2-like (82) Others (45) 

No. Gene probe Gene probe Gene probe 

1 ACP5 204638_at MMP1 204475_at AKT1 207163_s_at 

2 ADK 204119_s_at MMP2 201069_at CASP3 202763_at 

3 AIF1 215051_x_at MMP9 203936_s_at CCL1 207533_at 

4 ALOX15 207328_at MRC1 204438_at CCL3 205114_s_at 

5 ARG1 206177_s_at MRC2 37408_at CCR2 207794_at 

6 ARG2 203946_s_at MS4A4A 219607_s_at CD14 201743_at 

7 CA2 209301_at MS4A6A 223922_x_at COX-2 1554997_a_at 

8 CCL13 206407_s_at MSR1 208423_s_at CSF1 211839_s_at 

9 CCL17 207900_at NCF2 209949_at CSF1R 203104_at 

10 CCL18 209924_at κIA 201502_s_at CSF2 210229_s_at 

11 CCL22 207861_at NFKBIB 214448_x_at CXCL12 209687_at 

12 CCL23 210549_s_at NOVA1 205794_s_at EGF 206254_at 

13 CD163 215049_x_at NPL 223405_at EGFR 201983_s_at 

14 CD180 206206_at P2RY13 220005_at ENG 201809_s_at 

15 CD200R1 1553395_a_at P2RY14 206637_at EPAS1 200878_at 

16 CD36 206488_s_at PDGFB 216061_x_at FIGF 206742_at 

17 CERK 218421_at PIK3CG 206369_s_at HGF 210998_s_at 

18 CHN2 213385_at PIK3IP1 221756_at HIF1A 200989_at 

19 CLEC10A 206682_at PLAU 205479_s_at HIF3A 233517_s_at 

20 CLEC4A 221724_s_at RNASE6 213566_at ICAM1 202637_s_at 

21 CTSC 201487_at SEPP1 201427_s_at IL13 207844_at 

22 CTSL1 202087_s_at SHH 236263_at IL17A 216876_s_at 

23 CXCR4 211919_s_at SLAMF1 1555626_a_at IL3RA 206148_at 

24 DCSIGN 207277_at SLC15A3 219593_at IL-4 207538_at 

25 EGR2 205249_at SLC38A6 214830_at ITGAM 205786_s_at 

26 FCER2 206759_at SLC4A7 207604_s_at JAK1 1552611_a_at 

27 FGL2 204834_at SLCO2B1 203472_s_at JAK2 205842_s_at 

28 FN1 216442_x_at STAT3 208991_at LDHA 200650_s_at 

29 GAS6 1598_g_at STAT6 201331_s_at MAPK1 224621_at 

30 GAS7 211067_s_at TAC1 206552_s_at MAPK14 202530_at 

31 HEXB 201944_at TGFBR2 207334_s_at MAPK3 212046_x_at 

32 HNMT 204112_s_at TGM2 211003_x_at MIF 217871_s_at 

33 HRH1 205580_s_at TLR5 210166_at MKI67IP 224713_at 

34 HS3ST1 205465_x_at TPST2 204079_at MPG-E8 203686_at 

35 HS3ST2 219697_at TREM2 219725_at PD1 207634_at 

36 IGF1 209540_at TRPM2 205708_s_at PDL1 223834_at 

37 IL-10 207433_at VIP 206577_at PECAM1 208983_s_at 

38 IL1RN 212657_s_at 

    

PGE2 206631_at 

39 IRF4 216986_s_at PGF 209652_s_at 

40 LIPA 201847_at PIK3CA 204369_at 

41 LPAR6 218589_at PIK3CB 212688_at 

42 LTA4H 208771_s_at VCAM1 203868_s_at 

43 LY86 205859_at VEGFA 210512_s_at 

44 MAF 206363_at VEGFB 203683_s_at 

45 MERTK 206028_s_at VEGFC 209946_at 
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Appendix 4 Phosphorylated-STAT6 staining in GC in different ROIs 
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Appendix 5 Unsupervised clustering of TAM and TIL-associated pathways 

 

Pathways associated with each of the immune density-derived environmental gene signature 

using the Reactome online database. *: FDR<0.05. (Benjamini-Hochberg). Red/black/blue: 

positive/no/negative Spearman correlation. Yellow: gene of the markers used in multiplex IHC 

panels for cell phenotype characterisation. MRC1: mannose receptor C-type 1, CD206.  
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Appendix 6 Characterisation of immune gene signatures with pathway 
categories 
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Appendix 6 Continued 

 

(A) Key words used for TAM-associated pathway identification. (B) Number and percentage of 

genes between different immune populations. (C) Number and (D) Spearman correlation of 

genes between identified pathways. Red/black/blue: positive/no/negative correlation. 
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Appendix 7 Overall survival with inversely correlated genes between the 
CD68++CD163+ and CD68+IRF8+ TAMs  

Gastric cancer - Overall survival (OS) – Median gene expression

Without outlier1

1: GSE14210 (n=146) + GSE15459 (n=200) + GSE22377 (n=43) + GSE29272 (n=268) + GSE51105 (n=94)
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Appendix 8 Validation of cell phenotyping between multiplex IHC panels 

 

(A-D) Comparing CD68++CD163+ TAM results between multiplex TAM and NOX2 panel: (A) 

Density Spearman correlation, (B) distance to tumour cells calculated with ISAT, (C) overall 

survival relevance, (D) and allocation of patients in survival grouping based on their TAM 

densities within the Core. Identical (white): patient grouping remains the same between panels. 

Swapped (grey): patient grouping changed between Upper and Middle, and between Middle 

and Lower terciles in (C). Inversed (red): patient grouping changed between Upper and Lower 

terciles.   



322 
 

Appendix 8 Continued 

 

(E-H) Comparing (CD3+)CD8+ TIL results between multiplex TIL and NOX2 panel: (A) Density 

Spearman correlation, (B) distance to tumour cells calculated with ISAT, (C) overall survival 

relevance, (D) and allocation of patients in survival grouping based on their TAM densities 

within the Core. Identical (white): patient grouping remains the same between panels. Swapped 

(grey): patient grouping changed between Upper and Middle, and between Middle and Lower 

terciles in (C). Inversed (red): patient grouping changed between Upper and Lower terciles.   
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Appendix 9 Functional marker expressions on immune cells in proximity 

   

NOX2 and PD1 expression on TAMs and TILs within 60 µm. Lines represent median intensity. 

n=45 in each distance range. Each point represents the median intensity of the corresponding 

marker on cells of one patient. *p<0.05 and not significant (n.s.) comparing between marker 

intensities within each distance range. Wilcoxon matched-pairs signed rank test. 
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Appendix 10 Density between TAM/TIL stratified patient groups 

Density of the corresponding cell populations between the four patient groups. Patients overall 

and relapse-free survival were interrogated between the four groups of patients identified in 

Figure 7.3.16. Mac-T: grouping related with macrophage and T cell density.  
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Appendix 11 Immune/Tumour trio density and percentage among GC 
subtypes 
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Appendix 12 Full timeline of in vivo macrophage depletion safety study 
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Each coloured symbol represents each data collection time point of each group. (A) Each line 

(solid and dashed) represents each group. Italic numbers indicate clodronate-liposome dose. D: 

mouse died. (B) Each line represents individual mice. Bar and error bars represent mean ± SD. 

Not significant (n.s.) comparing (A) drug injected groups to PBS control and (B) between 

experimental groups. Mann-Whitney U test. 

 

 

 

 

  



327 
 

Appendix 12 Continued 

 

D

PBS Encapsome m-Clodrosomem-Encapsome Clodrosome m-Clodrosome

#1 #2

#2

Necrotic?
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Control Clodronate

 

(C) Relative percentage of macrophage-like population of each experimental group normalised 

to PBS control. Each line represents each experimental group. Each point represents each data 

collecting time point. *p<0.05, and **p<0.01 comparing clodronate-liposome injected groups to 

PBS control. Mann-Whitney U test. (D) Representative mouse liver images at Week1 post 

clodronate-liposome injection with 0.5mg/dose. Abnormal liver morphology observed for the 

mannosylated clodronate-liposome group.   
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