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ABSTRACT 

Renin-angiotensin system inhibitors (RASi) have shown anti-tumour effects that may 

significantly impact the response to current cancer immunotherapies and the 

prognosis in patients with colorectal liver metastases (CLM). RAS components are 

expressed by various immune cells and adult hematopoietic cells. The mechanisms 

by which RASi reprogram the tumour immune microenvironment toward an 

immunostimulatory milieu involves modulating the function of immune T 

lymphocytes, myeloid cells and cancer-associated fibroblasts. 

Experimental Design: Liver metastases were established in a mouse model using an 

autologous colorectal cancer cell line. RASi (captopril 750mg/kg) or carrier (saline) 

was administered to the mice daily via intraperitoneal injection, from day one post-

tumour induction to endpoint (day 15 or 21 post tumour induction). At the endpoint, 

tumour growth was determined, and lymphocyte and myeloid-derived infiltration and 

composition in the tumour and liver tissues were analyzed by flow cytometry and 

immunohistochemistry. At endpoint day 15, livers and tumour tissues were collected, 

and tissue lysates were prepared and analyzed using liquid chromatography-tandem 

mass spectrometry proteomic techniques to determine relative changes in protein 

abundance. The proteomics results were analyzed using open-source software such 

as MaxQuant and Perseus.  

A 7-plex OPALTM protocol was used to assess the composition and spatial distribution 

of T cell markers CD3, CD8, FoxP3 and CD103 and the epithelial to mesenchymal 

transition markers α-SMA and E-cadherin. The protocol was manually optimized and 

validated in two independent cohorts of formalin-fixed, paraffin-embedded CLM 

patient tissues using well-established antibodies, a single spectral library, negative 

controls, and biological controls corroborating the staining pattern of immune 

infiltrates. 

Results: Captopril significantly decreased tumour viability and impaired metastatic 

growth, increased the infiltration of CD3+ T cells into both tissues, and the primary 

contributing phenotype to this influx is a CD4 and CD8 double-negative T cell subtype, 

while CD4+ T cells decreased and CD8+ T cells remained unchanged. Furthermore, 

clustering and functional enrichment showed that captopril modulates the expression 

of some of the immunoproteasome subunits, including PSMB8, PSMB10, PSMB5 and 
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PSME1. Also, T lymphocyte phenotypes’ spatial distribution was seen in significantly 

higher levels in the invasive tumour margin compared to their density within the liver 

parenchyma or the tumour centre in human CLM. Thus, high CD3+ density in the 

tumour core or high CD8+ density in the invasive tumour margin predicts a significantly 

better overall survival. Moreover, high CD3+ T cell density at the adjacent liver 

parenchyma and a high CD8+ density at the tumour core segment influenced patient 

survival after CLM resection in patients who received RASi antihypertensive 

medication. In the case of myeloid cells, a significant decline in myeloid cells 

expressing CD31+ was induced by captopril, while the relative proportion of CD31- cells 

was preserved when comparing between the liver and the tumour. RASi significantly 

reduces a CD31+monocyte-derived subset F4/80- Ly6C intermediate/High, which may have 

a pro-angiogenic and immunosuppressive function. 

Conclusion: The work of this thesis highlights the mechanism by which RAS inhibitors 

decreased tumour viability and impaired metastatic growth by effectively restoring the 

immunogenicity of CLM toward an immunostimulatory milieu. 

 

Keywords: renin-angiotensin system, tumour microenvironment, anti-tumour 

immunity, Proteomics, Colorectal liver metastases, Immunotherapy, and multiplex IHC  
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Chapter 1  

 

Literature review  

 

This chapter aims to gain an in-depth understanding of the existing research about the 

mechanisms by which inhibition of the renin-angiotensin system reprograms the 

tumour immune microenvironment. 
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Summary:  

Renin-angiotensin system inhibitors (RASi) have shown potential anti-tumor effects 

that may have a significant impact on cancer therapy. The components of the renin-

angiotensin system (RAS) including both, conventional and alternative axis, appear to 

have contradictory effects on tumor biology. The mechanisms by which RASi impair 

tumor growth extend beyond their function of modulating tumor vasculature. The 

major focus of this review is to analyse other mechanisms by which RASi reprogram 

the tumor immune microenvironment. These involve impairing hypoxia and acidosis 

within the tumor stroma, regulating inflammatory signalling pathways and oxidative 

stress, modulating the function of the non-cellular components and immune cells, and 

regulating the cross-talk between the kallikrein-kinin system and RAS. 

Keywords: renin-angiotensin system, tumor microenvironment, anti-tumor immunity, 

kallikrein-kinin system 
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1.1 Introduction  

 

The main conventional axis of the renin-angiotensin system (RAS) [such as 

angiotensinogen (AGT), renin, angiotensin-converting enzyme (ACE), angiotensin I 

(Ang I), angiotensin II (Ang II)], functions as an intricate peptide signalling network 

through several receptors [including angiotensin II type 1 receptor (AT1R) and 

angiotensin II type 2 receptor (AT2R)] (Carey & Siragy, 2003). AGT is produced and 

released into circulation by the liver, then AGT is hydrolysed by renin, which is 

produced by the juxtaglomerular cells of the kidney to form Ang I (Carey & Siragy, 

2003). Afterwards Ang I is hydrolysed by ACE in the endothelial cells of the lungs, to 

produce the biologically active Ang II. Ang II interacts with two different receptors, 

AT1R and AT2R (Carey & Siragy, 2003). The alternative axis comprises ACE2, which is 

known as ACE-related carboxypeptidase or angiotensin-converting enzyme homolog 

(ACEH). ACE2 is mostly found in the vascular endothelial cells and renal tubular 

epithelium (Donoghue et al., 2000). ACE2 cleaves Ang II to Ang-(1-7), whereas ACE 

produces Ang-(1-7) by cleaving Ang-(1-9). Ang-(1-7) commonly acts via mitochondrial 

assembly receptor (Mas receptor or MasR) (Lautner et al., 2013). Another peptide 

alamandine is generated either by the cleavage of Ang A or Ang-(1-7), by ACE and 

decarboxylase, respectively. Alamandine binds through MAS-related G protein couple 

receptor D (MRGD) (Lautner et al., 2013). Several other truncated bioactive peptides 

have been previously characterized including Angiotensin III (Moeller et al., 1998), 

Angiotensin IV (Mustafa et al., 2001), and Ang A (Walmor De, 2014), as part of the RAS 

network (Fig. 1). 

In the mid-1970s it became possible for the first time to therapeutically target the 

components of Ang II/AT1R axis using the angiotensin-converting enzyme inhibitor, 

captopril (Erdos, 1976), and followed by selective blockade of the AT1R with losartan 

(Bhardwaj, 2006). Renin-angiotensin system inhibitors (RASi) includes two classes of 

pharmacological agents, angiotensin-converting enzyme inhibitors (ACEi) and 

angiotensin II receptor blockers (ARBs) (Bhardwaj, 2006). A third class of RASi, a direct 

renin inhibitor such as aliskiren is also included in the list of RASi approved by the U.S. 

Food and Drug Administration (FDA) (Müller & Luft, 2006). 
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Figure 1. The pro-tumour and anti-tumour mediated effects of the conventional and alternative RAS 
axis. Angiotensinogen (AGT) is produced and released into circulation by the liver (a), then AGT is 
hydrolysed by renin. Renin is produced by the juxtaglomerular cells of the kidney (b) to form Angiotensin 
I (Ang I). Afterwards Ang I is hydrolysed by angiotensin-converting enzyme (ACE) in the endothelial cells 
of the lungs (c), to produce the biologically active angiotensin II (Ang II). Ang II interacts with two 
different receptors, angiotensin II type 1 receptor (AT1R) and angiotensin II type 2 receptor (AT2R). 
ACE2 cleaves Ang II to Angiotensin (1-7) (Ang (1-7)), whereas ACE produces Ang (1-7) by cleaving 
Angiotensin (1-9) (Ang(1-9)). Ang (1-7) commonly acts via mitochondrial assembly receptor (Mas 
receptor or MasR). Alamandine is generated either by the cleavage of Ang A or Ang (1-7), by ACE and 
decarboxylase (DC) respectively. Alamandine binds through MAS-related G protein couple receptor D 
(MRGD). Angiotensin II is metabolized to Angiotensin III (Ang III) by aminopeptidase A (APA), whereas 
Ang III is metabolized to Angiotensin IV (Ang IV) by aminopeptidase N (APN). AT4R or Insulin-regulated 
membrane aminopeptidase (IRAP) is activated by Ang IV. NEP, neutral endopeptidase; PEP, 
prolyendopeptidase. The inhibition of the conventional axis by ACEi or ARB reduces inflammation, 
vasoconstriction, and angiogenesis means by which also inhibits tumour growth. Opposite effects have 
been associated with the activation of the alternative axis including vasodilatation, anti-inflammatory 
and anti-angiogenic effects. 
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RASi are widely used to treat heart failure (Yusuf et al., 1991), myocardial infarction 

(Okura et al., 2016), and systemic hypertension (Daien et al., 2012) and have proved to 

be effective in preventing cardiovascular (Tardif & Gregoire, 2013) and renal 

associated comorbidities (Daien et al., 2012). Additionally, RASi have shown potential 

anti-tumour effects that promise a significant impact in cancer therapy (Pinter & Jain, 

2017). Several studies have yielded diverging findings on the role of RASi on the 

incidence of recurrence, metastasis and survival in cancer patients (Sun et al., 2017). 

To comprehend the potential benefit of RASi in cancer patients consideration should 

be given to factors such as tumour heterogeneity, tumour stage, hormone receptor 

status, human epidermal growth factor receptor 2 (EGFR2) over-expression, and 

(neo)adjuvant treatment regimen (Pinter & Jain, 2017). A meta-analysis including 55 

studies suggested that RASi may improve the survival of cancer patients depending 

on cancer type and class of RASi (Sun et al., 2017).  

Differences between the mediated effects of the RAS conventional and alternative 

axis have been previously described. In general, the over-expression of RAS 

components within the Ang II/AT1R axis (such as ACE and AT1R) is associated with 

tumour growth and with more aggressive tumour features in several types of human 

cancer, including breast cancer, ovarian cancer and renal cancer (Arrieta et al., 2008; 

Arrieta et al., 2015; Ino et al., 2006), whereas Ang II/AT2R and Ang(1-7)/MasR showed 

opposite effects (Xu et al., 2017). Nonetheless, there are also conflicting evidence, 

which may suggest tumour-type specific differences (Arrieta et al., 2015). Similarly, 

ACE2/Ang-(1-7)/MasR axis dysregulation has been shown to be up-regulated or down-

regulated depending on the type of cancer (C. Yu et al., 2016; Zhao et al., 2010; Zheng 

et al., 2015) (Fig. 1).  

The role of the various RASi in modulating pathological processes involving cell 

inflammation (Husain et al., 2015; Pacurari et al., 2014),  fibrosis (G. Kim et al., 2016; 

Saber et al., 2018; Zhu et al., 2016), and tumour growth (Ager et al., 2008; Neo et al., 

2010; Sugimoto et al., 2012; Wegman-Ostrosky et al., 2015), has been well-

documented, but its influence on anti-tumour immunity is uncertain. The aim of this 

literature review is to analyse current evidence on the effects of RASi on anti-tumour 

immunity by reprogramming the tumour microenvironment (TME). 
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The pathological processes and cellular functions inside the TME which appear to be 

influenced by RASi include tumour angiogenesis, hypoxia and acidosis within the 

tumour stroma, inflammatory signalling pathways, oxidative stress, immune cell 

modulation and the role of kallikrein-kinin system (KKS) (Fig. 2). 

 

 

 
 
Figure 2. Renin-angiotensin inhibitors reprogram tumour immune microenvironment. The 
pathological processes and cellular functions inside the tumour microenvironment which appear to be 
influenced by RASi include tumour angiogenesis, hypoxia and acidosis within the tumour stroma, 
inflammatory signalling pathways, oxidative stress, immune cell modulation and the role of kallikrein-
kinin system (KKS). 

 

1.2 Regulation of tumour angiogenesis using renin-angiotensin inhibitors impacts 

cancer progression  

Conclusive evidence has shown that targeting Ang II/AT1R impairs neovascularization 

and vascular permeability and decreases microvessel density by reducing vascular 

endothelial growth factor (VEGF)-expression (Carbajo-Lozoya et al., 2012; Ino et al., 

2006; Shirotake et al., 2011; Usui et al., 2008). Angiogenesis is initiated by the 

disruption of the endothelial cells (EC) monolayer and their invasion into the 
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surrounding stroma. The recruitment of pericytes along the basement membrane into 

the new vessels provides both, mechanical stability and molecular cross-talk with EC, 

which induces VEGF production and survival signalling (Mittal et al., 2014; Senger & 

Davis, 2011). The cellular infiltrating populations into the TME can originate either in 

the blood vessels, the stroma or the bone marrow (Mittal et al., 2014). For example, 

cancer-associated fibroblast (CAF) can be derived from both, tumour stroma and from 

bone marrow precursors (Mittal et al., 2014). This cellular plasticity is mediated by the 

epithelial-mesenchymal transition (EMT) (Mittal et al., 2014). Many of the different cell 

types involved in tumour vasculature, and-/or are part of the TME such as pericytes 

(Berg et al., 2013; Stefanska et al., 2016) and CAF (Nakamura et al., 2018) express RAS 

components. Regulating angiogenesis using RASi may extend beyond the converging 

point of VEGF-response. ACE2 acts as potent counter-regulator against ACE and Ang 

II activity (Patel et al., 2016; Xu et al., 2017). ACE2 overexpression or ACE2-Ang-(1-7)- 

MasR activation may suppress angiogenesis either by inhibiting the production of  

VEGFa in non-small cell lung cancer (NSCLC) (Cheng et al., 2016), or VEGF receptors 

attenuation in nasopharyngeal carcinoma (Pei et al., 2016), respectively. 

The use of RASi concomitant with anti-VEGF therapy was associated with better 

survival in metastatic renal cell carcinoma (Izzedine et al., 2015; Keizman et al., 2014; 

Keizman et al., 2011; McKay et al., 2015), metastatic CRC (Osumi et al., 2015), 

advanced HCC (Pinter et al., 2017) and glioblastoma (Levin et al., 2017). Increased 

resistance has been reported to VEGF inhibition (Jain et al., 2009; Vasudev & Reynolds, 

2014). The tumour vasculature interacts with the TME via several other mechanisms 

offering potential new therapeutic targets (Schaaf et al., 2018). The regulation of TME 

by emerging anti-angiogenic therapies are aiming to counteract tumour progression 

and to achieve greater tumour destruction. Rather than acute vessel disrupting 

strategies, there is now a focus on anti-inflammatory regimens. For instance, 

cabozantinib inhibits the activity of VEGFR, c-MET, AXL and other tyrosine kinases, 

thereby leading not only to impair angiogenesis but also the disruption of other 

processes inside the TME (Tannir et al., 2017).  
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1.3 Targeting Ang II/AT1R axis to impair hypoxia and acidosis within the tumour 

stroma  

Local RAS works synergistically and independently of systemic RAS in a paracrine 

fashion (Campbell, 2014). Ang II mediates effects that reduce tumour perfusion and 

oxygenation, resulting in hypoxia and subsequent acidosis within the tumour stroma 

(Thews et al., 2000). For example, local Ang II predominantly exists in hypoxic regions 

of nasopharyngeal carcinoma and breast cancer cells, where it is autocrinally 

produced by chymase-dependant rather than ACE dependent mechanism (Xie et al., 

2017). In which case the action of ACEi will not be effective to inhibit tumour growth. 

Tumour hypoxia and acidosis trigger a cascade of up-regulation of transcription 

factors, growth factors and cytokines, including hypoxia-inducible factor (HIF), VEGF 

and Transforming growth factor-beta (TGF-b) that together promote 

immunosuppression within the TME (Dayan et al., 2008; Riemann et al., 2017). An 

immunosuppressive microenvironment includes an impaired function of T cells 

(Anderson et al., 2017), dendritic cells (DC) (Shurin et al., 2013) the accumulation of 

M2-like macrophages (Chanmee et al., 2014) and myeloid-derived suppressor cells 

(MDSC), but also increased expression of immune checkpoint molecules such as 

[cytotoxic T-lymphocyte antigen-4 (CTLA-4), programmed cell death-1 (PD-1), and its 

ligand (PD-L1)] on tumour / stromal cells and the immune cells (Alsaab et al., 2017). 

In the liver, the local RAS is upregulated in response to tissue injury and hypoxia (Neo 

et al., 2010). The main effector is Ang II, which normally maintains tissues 

homeostasis, in this scenario can stimulate the expression of pro-angiogenic VEGF 

via AT1R signalling, leading to wound healing in tissue injury or to tumour 

neovascularization in hypoxic tumours (Walther et al., 2003). ACEi mechanism of 

action is to reduce the production of Ang II, while ARBs selectively block the action of 

AT1R receptors inhibiting tumour-associated angiogenesis (Sun et al., 2017). 

 

1.4 Renin-angiotensin inhibitors regulate inflammatory signalling pathways and 

oxidative stress in tumour biology  

The TME is bound to the dynamic between malignant and non-transformed cells 

(Balkwill et al., 2012). Non-malignant cells are reprogrammed to accomplish tumour-
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promoting functions during all stages of carcinogenesis (Balkwill et al., 2012). 

Intercellular interactions modulate the chemical and physical properties of any tissue 

through a diverse pool of secreted cytokines, chemokines, growth factors, and 

inflammatory or matrix remodelling enzymes (Fearon, 2017). TGF-b suppresses the 

differentiation and function of T helper (Th), CD8+ cells, Natural Killer (NK) cells, and 

tumour-associated neutrophils (TANs), tumour associated macrophages (TAM) and 

MDSC (Fearon, 2017). Tumour supporting cytokines are released from tumour and 

stromal cells upon AT1R activation via Ang II including, TGF-b, Interleukin – (IL-1a, IL-

1B, IL-6, IL-8) and MCP-1 (monocyte chemoattractant protein 1), macrophage colony-

stimulating factor (M-CSF), cyclooxygenase 2 (COX-2), C- reactive protein (CRP) 

(Vinay et al., 2015). Immunomodulatory cytokines may up-regulate 

immunosuppressive pathways, i.e., COX-2 via prostaglandin E2 synthesis, and impair 

DC function by reducing their migration (Vinay et al., 2015; Zelenay et al., 2015). Ang 

II/AT1R signalling induces reactive oxygen species (ROS) generation and related 

proteins such as inducible nitric oxide synthase in the tumour cells and stroma cells 

(Jackson et al., 2004). Exposure to ROS in the TME can impair T cell function while 

enhancing T regs and TAM, as has been previously reported in prostate cancer 

(Zelenay et al., 2015). Treatment with the ARB candesartan diminishes ROS 

generation (Uemura et al., 2008).  

 

1.5 Renin-angiotensin inhibitors modulate the function of immune cells within the 

tumour microenvironment  

There are three major immunosuppressive cell types within the tumour mass; MDSC, 

TAM and CAF. MDSC include both myeloid progenitors cells and immature myeloid 

cells (Bronte et al., 2016). These cells have been characterized as a population of 

inhibitory immune cells that lack typical mature myeloid markers, in mouse and human 

cancers (Bronte et al., 2016). Murine and human MDSC exert their suppressive effects 

through several mechanisms that inhibit CD8+T cell activation (Pyzer et al., 2016). 

Additionally, they induce the development of the T regs population, the polarization of 

macrophages to a TAM-like phenotype, the production of ROS, the upregulation of 

nitric oxide and depletion of nutrients via increased activity of L-arginase (Pyzer et al., 
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2016). ACE is required for extramedullary myelopoiesis. A 3-fold increase in the 

CD11b+Grl+ subpopulation with a similar phenotype to MDSC was found in the spleen 

of the ACE-KO mouse model in response to bone marrow incompetence (Okwan-

Duodu et al., 2013). Likewise, ACE may have a role in the accumulation of MDSC in the 

TME. However, the inhibitory function of MDSC over CD8+T cells in the TME requires 

further investigation (Okwan-Duodu et al., 2013).  

Similarly, TAM are usually pro-tumourigenic and have shown that a polarized M2-like 

phenotype contributes to immunosuppression, whereas M1-like phenotype induces 

anti-tumour immunity (Chanmee et al., 2014). TAM tend to accumulate in hypoxic 

and/or necrotic areas of the tumour (Murdoch et al., 2004). Studies with ACE KO and 

ACE 10/10 mouse model indicated that ACE plays a key role in macrophages to 

regulate the production of pro-inflammatory cytokines such as IL-12, nitride, and TNF-

a in response to lipopolysaccharide (LPS) or chitin (a polymer of N-

acetylglucosamine). These induce M1 macrophages or activate M2, respectively 

(Satoh et al., 2010). Additionally, M1 induction through granulocyte-macrophage 

colony stimulating factor (GM-CSF) upregulate ACE expression in human monocytes 

(Fleetwood et al., 2009; Satoh et al., 2010). Recent findings remain inconclusive as to 

how RAS modulation establishes M2 macrophage induction and polarization. Some 

studies suggest that there is no difference between ACE KO, ACE 10/10 and WT model 

(Okwan-Duodu et al., 2013). Others have found an increased or decreased M2 

response by RAS blockade (Aki et al., 2010; Kohlstedt et al., 2011). Our laboratory has 

shown the immunomodulatory role of RAS in influencing TAM. Blockade of ACE with 

captopril increased Kupffer cells infiltration in the tumour-bearing liver during an early 

stage of tumour progression in CRC liver metastasis (Wen et al., 2013).  

Myofibroblasts are also known as CAF are derived from multiple precursors, such as 

myoepithelial cells, mesenchymal stem cells, smooth muscle cells and EC (Xing et al., 

2010). Their capability to secrete EGF family growth factors hepatocyte and fibroblast 

growth factors and insulin growth factor confer them the potential to induce malignant 

transformation of cells (Shiga et al., 2015; Tao et al., 2017). CAF express AT1R through 

which Ang II stimulates their proliferation and induces the production of various 

cytokines including TGF-b (Nakamura et al., 2018). TGF-b in addition to its 

immunosuppressive role as outlined above can stimulate EMT in malignant cells 
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contributing to an immunosuppressive TME and therapy resistance (Chae et al., 2018; 

Terry et al., 2017). Our laboratory found that RAS is implicated in the regulation of EMT 

in CRC via both AT1 and AT2 receptors by Ang II modulated migration (Nguyen et al., 

2016). Additionally, CAF tumour promoting effects have been associated with 

promoting neovascularization and recruitment of immune cells in the TME via NF-kb 

signalling pathway (Erez et al., 2010). A recent study concluded that local RAS activity 

can modulate the function MDSC, TAM and CAF, and indeed is a potent inducer of 

immunosuppression in the TME (Nakamura et al., 2018). Inhibition of local RAS 

augments the induction and infiltration of tumour antigen-specific T cells, reduces the 

T cell suppressive activity of tumour-infiltrating CD11b+ cells including MDSC and 

enhances the T-cell stimulatory activity of CAF (Keizman et al., 2011). In addition to 

CAF, other types of immune cells also express RAS components. These include 

monocytes, neutrophils, DC and T cells, thus presenting pivotal targets for immune 

therapy (Pinter & Jain, 2017). For example, the stimulatory and coinhibitory 

interactions between lymphocytes infiltrating tumour stroma and tumour cells 

expressing receptor-ligands pairs, like immune checkpoint inhibitors PD-1, and its 

ligand PD-L1 correlates with T cell dysfunction (Mittal et al., 2014). The inhibition of 

AT1R enhances the induction of tumour antigen-specific CD8+ cytotoxic T 

lymphocytes via gp70-Tcells (Nakamura et al., 2018). Additionally, a clinical study of 

non-metastatic pancreatic ductal adenocarcinoma (PDAC) patients reported 

significant overall survival in the chronic RASi users, while unbiased gene profiling of 

resected tumours from this group presented enriched gene signatures associated 

with antigen processing and presentation, and activity of T cells, and reduced gene 

signatures associated with tumour aggressiveness. These findings may suggest that 

RAS signalling could modulate the efficacy of immunotherapy on this type of cancer 

(Liu et al., 2017). Altogether the synergistic use of RASi combined with immune 

checkpoint inhibitors may improve anti-tumour efficacy by reprograming the TME 

towards an immune stimulatory milieu. 
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1.6 Targeting tumour non-cellular components using Renin-angiotensin inhibitors 

may enhance antitumour immunity  

RAS has been studied under the scope of chronic wound healing and fibrosis 

(Bernasconi & Nystrom, 2018). During stromagenesis activated fibroblasts, have a 

critical function in orchestrating ECM remodelling. The effects of tissue renin-

angiotensin (tRAS) on chronic wound healing can be divided into two opposite axes: 

(a) pro-inflammatory / pro-fibrotic and (b) anti-inflammatory / anti-fibrotic (Bernasconi 

& Nystrom, 2018). RAS signalling modulates ECM remodelling via AT1 by stimulation 

in dermal fibroblast, which promotes deposition of fibrotic ECM (Min et al., 2004). The 

contrary effect was observed via AT2 stimulation, which reduced collagen deposition 

counteracting AT1 signalling through the engagement of tyrosine phosphatase SHP-

1 (Cui et al., 2001). In the case of tumour-associated stromagenesis, the 

pathophysiologic response fails to resolve. RAS activated CAF secrete collagen and 

other ECM components which leads to a fibrotic reaction so-called tumour 

desmoplasia (Schnittert et al., 2018). A tumour desmoplastic environment can be 

either a physical barrier to immune cell infiltration (Watt & Kocher, 2013), or can 

provide the substratum to their interstitial migration (Mrass et al., 2008). Furthermore, 

RAS activated CAF and other stromal cells produce immunosuppressive cytokines/ 

growth factors especially TGF-b in the TME leading to chronic inflammation and 

effector T- cell disfunction, apoptosis and failure to infiltrate deep into the tumour 

(Anderson et al., 2017). RASi targeting of the tumour stroma resulted in collagen I 

synthesis inhibition by CAF in a dose-dependent manner in different desmoplastic 

models including human breast, pancreatic, and skin tumours in mice (Diop-Frimpong 

et al., 2011). A collateral effect of decreasing tumour desmoplasia is the 

decompression of tumour blood vessels and subsequent reduction of tumour hypoxia 

by increasing perfusion, which may also enhance antitumour immunity (Chauhan et 

al., 2013).  
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1.7 The cross-regulation of the kallikrein-kinin system and Renin-angiotensin 

system by angiotensin-converting enzyme has pleiotropic effects in the tumour 

microenvironment  

The KKS comprises several peptides that are produced and cleaved in various sites to 

finally release the vasoactive kinins (da Costa et al., 2014). Kinins are originated from 

their parental molecules, the kininogens (da Costa et al., 2014). Diverse enzymes 

known also as kininases such as ACE, neutral endopeptidase (NEP), carboxypeptidase 

N, carboxypeptidase M, cathepsin X and aminopeptidase metabolize the kinins, (Blaes 

& Girolami, 2013) (Fig. 3). Bradykinin (BK) is the final bioactive peptide produced upon 

the activation of the KKS, which has pleiotropic functions depending on the pattern 

signalling triggered through its two different receptors (Leeb-Lundberg et al., 2005). 

The kinin receptor 1 (B1R) and the kinin receptor 2 (B2R) activate the same signalling 

pathway while inducing a different duration and intensity of the signal modulated by 

calcium influx (Moreau et al., 2005). B1R and B2R can be expressed in the same cell 

type, such as EC, fibroblast, and several tumour cells (Wu et al., 2002). While B1R 

expression is induced upon inflammatory conditions and tissue injury, B2R is 

constitutively expressed (Hall, 1997). The overall effect of BK through either B1R, B2R, 

or both is to promote vascular cell proliferation (Ikeda et al., 2004), influence barrier 

permeability (Ishihara et al., 2002) and possibly stimulate the release of pro-

inflammatory cytokines (Bras et al., 2012). The role of kinin receptors has been 

investigated in various types of cancer, including melanoma, renal, prostate, lung, 

breast, and mesothelioma (Chee et al., 2007; Dlamini & Bhoola, 2005; Maria et al., 

2016; Molina et al., 2009; Moodley et al., 2005), among others. Recently our laboratory 

found that both human and mouse CRC cell lines showed a strong positive expression 

of B1R and B2R, and while the inhibition of both receptors delayed tumour growth, only 

B1R blockade reduced tumour load and increased tumour apoptosis (Bras et al., 

2012). Indistinctively, blockade of B1R or B2R diminished tumour vascularization in 

vivo, and impaired proliferation and migration of CRC cell in vitro (da Costa et al., 

2018). The effect of RASi -ACEi- leads to accumulation of kinins and subsequent B1R 

activation (Ignjatovic et al., 2002), which may influence not only the cellular 

components part of the TME by activating macrophages and DC, but also can up-

regulate cytokine production of  IL-6 and IFN-g (da Costa et al., 2014). ACEi activate 
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B2R on DC, with increased production IL-12 (Aliberti et al., 2003). Further studies are 

required to elucidate the therapeutic opportunities of modulating kinin receptors with 

ACEi and their influence on the TME. 

 
Figure 3. Renin-angiotensin system components intersecting with the kallikrein-kinin system. 
Angiotensin-converting enzyme (ACE) is a major hub intersecting between the crosstalk of both 
systems, by regulating the levels of Angiotensin II (Ang II) and kinins. ACE metabolizes bradykinin (BK), 
and converts Angiotensin I (Ang I) into Ang II. Interactions between ACE and kinin receptor 1 (B1R) 
and/or kinin receptor 2 (B2R) have been reported, same as interactions between angiotensin II type 1 
receptor (AT1R) and angiotensin II type 2 receptor (AT2R) with B2R. 
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1.8 Perspectives and significance 

Over the last decade, many clinical studies have shown the benefits of using RASi in 

patients at different stages in several types of cancer. The evidence of RASi impairing 

tumour growth beyond the function of modulating tumour vasculature is rapidly 

increasing. A major challenge in the field of cancer therapeutics is the increasing rate 

of resistance to chemotherapy (Zuccala, 2016), and immunotherapy (Jenkins et al., 

2018). A better understanding of the complex interaction between non-cellular 

components, tumour cells, tissue-resident immune cells and infiltrating immune cells 

within TME is required to develop new cancer treatment strategies. An 

immunosuppressive TME affects the efficacy of immune checkpoint therapy, which is 

reflected in two different clinical scenarios, overall survival, and adverse side effects. 

RASi are able to reprogram the TME, using mechanisms by which they impair hypoxia 

and acidosis within the tumour stroma, regulate inflammatory signalling pathways 

and oxidative stress, modulate the function of the non-cellular components and 

immune cells, and regulate the crosstalk between KKS and RAS. Targeting RAS 

conventional axis (Ang II/AT1R), KKS and enhancing RAS alternative axis (ACE2/Ang-

(1-7)/MasR) seem to be promising strategies to effectively influence TME toward an 

immunostimulatory milieu, and subsequently, improve immunotherapy outcome for a 

larger population of cancer patients. Further pre-clinical and clinical studies are 

necessary to propose that the concomitant use of RASi and immunotherapy could not 

only improve the overall survival of cancer patients but also could decrease the 

immunotherapy related side effects. Lastly, additional studies may be required in order 

to conclude if the effects of RASi on the tumour stroma, not only would depend upon 

the degree of tumour desmoplasia but also may depend on how they can influence 

tumour immune infiltration by either impairing or promoting their migration throughout 

the interstitial space. 
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1.9 Brief description of the physiology of RAS and therapeutic relevance of targeting 

the conventional axis  

RAS controls hemodynamic stability by regulating blood pressure and maintaining 

fluid homeostasis and sodium-potassium balance (Gardes et al., 1982; Williams, 

2016). The biological activity of RAS can be therapeutically targeted in the 

management of hypertension (Chen et al., 2018), cardiovascular disease (Martin et al., 

2018), chronic kidney disease (Chung et al., 2020) and Coronavirus disease 

2019 (Dora Lucía Vallejo Ardila et al., 2020) by hindering the over-activation of the 

conventional axis, thereby decoupling the hormonal cascade and blocking Ang II 

signalling or its conversion from Ang I (Arendse et al., 2019). In general, the activation 

of each axis, conventional and alternative axis, triggers the hormonal cascade in a 

paracrine or autocrine manner. Therefore, targeting the expression of the AT1R and 

AT2R receptors at the tissue and cell level can modulate the physiological or 

pathological response of the blood vessel and haematopoietic cells.  

Pharmacological targeting of the AT1R and ACE has been effective and well-tolerated 

in these pathological conditions because of the potent effects of the inhibitors on 

vasodilation (Arendse et al., 2019). Nevertheless, the potential immunologic benefits 

of RASi had never been explored using human CLM collected from patients that have 

received this treatment as an antihypertensive medication.  
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Chapter 2 

Preface 

Material Methods   

 

This chapter aims to describe the experimental design and the information of the 

material and methods section of regular thesis chapters 4, 5 and 7 and supplement 

the material and methods section of manuscripts submitted and published.  

 

This chapter contains the methodology section published in the Journal for 

ImmunoTherapy of cancer, as per the following reference:  

 

• Vallejo Ardila, D. L., Walsh, K. A., Fifis, T., Paolini, R., Kastrappis, G., Christophi, 

C., & Perini, M. V. (2020, May). Immunomodulatory effects of renin-angiotensin 

system inhibitors on T lymphocytes in mice with colorectal liver metastases. J 

Immunother Cancer, 8(1). 

 

Due to copyright obligations, the author accepted the version of this manuscript 

(Methodology section) in Chapter 2 of this thesis.  

The copyedited, typeset published version of this manuscript can be found at: 

 https://jitc.bmj.com/content/8/1/e000487.info 

 

  

 

 

 

 

 

 

 

 

 

https://jitc.bmj.com/content/8/1/e000487.info


21 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 2 

 
 
 
 
 
 
 
 
 
 
 
 



22 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

MATERIALS AND METHODS 
 

 

 

 

 

 

 

 

 

 

 

 

 



23 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



24 
 

2.1 Animals and experimental model of colorectal liver metastasis 

All animal experiments were conducted in accordance with the guidelines set by the 

Austin Hospital animal ethics committee (A2018/05549). Male CBA mice (ARC, Perth) 

of 9 to 11 weeks old with body weight above 20g were used.  

Animals were maintained in standard laboratory mouse cages with irradiated food and 

water supplied ad libitum, in rooms with 12 h light/dark cycle, constant temperature 

and humidity. Environmental enrichment was provided in the form of dry tissue 

ribbons and cardboard tunnels. 

 

2.2 Primary cancer cell line MoCR maintenance  

The primary cancer cell line MoCR was derived from a dimethylhydrazine (DMH)-

induced primary colon carcinoma in the CBA mouse and maintained in vivo by serial 

passage in the flanks of CBA (healthy naïve) mice (Kuruppu et al., 1996). Mice used to 

maintain the MoCR (Mouse Colorectal) cell line are referred to as passage mice. For 

the initial passage (passage 0), MoCR cells were taken from frozen stocks stored in 

liquid nitrogen and thawed in a water bath at 37oC. Warm sterile saline was added to 

(Pfizer Sodium Chloride 0.9% For Injection BP, Australia) the cell suspension and 

transferred to a 50ml Falcon tube (Falcon, Becton Dickinson, USA) and centrifuged for 

5 minutes at 1000 revolution per minutes (rpm) (Beckman coulter, microfuge 18 

Centrifuge). Subsequently, the supernatant was discarded, and any traces of the 

cryopreservation media in the remaining cell pellet were washed with sterile saline. 

After the sequential washing steps, the pellet was resuspended in 1ml of sterile saline. 

An aliquot of the cell suspension was transferred into the hemocytometer, and cells 

were counted. The cell viability of the tumour cells was assessed based on the 

exclusion of trypan blue. A cell suspension containing approximately 2×107 live cells 

was then injected subcutaneously into bilateral flanks of mice, and tumours were re-

passaged once they reached approximately 10mm in diameter or every 14 days. The 

passage mouse was euthanized by sustained inhalation of 5% isoflurane, and the 

tumours were excised under aseptic conditions. The resected tumours were rinsed in 

sterile 0.9% saline (Baxter, Old Toongabbie, NSW, Australia), removing traces of fur, 

and then finely minced with scissors (Kilner scissor, straight 11.5 cm) and passed 
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through a stainless-steel mesh. Harvested tumour cells were used to repeat the 

passage procedure until the passage cell line is discontinued, usually after 15 to 20 

cycles of passage and when required for intrasplenic Colorectal Liver Metastases 

(CLM) induction in CBA mice. Harvested tumour cells were mixed with 10mls of sterile 

saline and 10mls of 0.01% of EDTA (Biochemical, BDH laboratory supplies, England) 

in PBS (Apex, Bioresearch products) and stirred in a 37ºC water bath for 20 minutes. 

Cells were centrifuged for 5 minutes at 1000 rpm or 100×g. The supernatant was 

discarded, and the pellet resuspended in 10mls of Ringer’s solution containing 1% 

glucose. The cell suspension was centrifuged for a further 5 minutes at 100×g to 

remove red blood cells, ensuring a clean preparation. The supernatant was discarded, 

and the remaining pellet was resuspended in Ringer’s solution containing 1% glucose 

to adjust the cell concentration to 1×106 cells/ml. Viability was determined by trypan 

blue exclusion. The final volume of cell suspension (1×106 cells/ml tumour cell 

suspension) was then split up into equal number aliquots of 1mls each. Each 

Eppendorf was kept on ice during the entire tumour induction procedure and gently 

agitated before the intrasplenic injection. 

 

2.3 Intrasplenic Colorectal Liver Metastases induction in CBA mice  

The MoCR-CLM model used in all animal experiments has been well established, 

characterised and reported on (Kuruppu et al., 1996), using male mice between the 

ages of 6-12 weeks (Neo et al., 2010; Neo et al., 2007). For the experimental design of 

this study, male CBA mice (ARC, Perth) of 9 to 11 weeks old with body weight above 

20 g were used. CLM were induced by intrasplenic injection of 5x104 tumour cells 

followed by splenectomy. Firstly, mice were anaesthetized with 5% isoflurane for initial 

induction within 7- 10 minutes (Forthane® isoflurane anaesthetic inhalation, AbbVie 

Global). To alleviate post-surgical pain, 0.05ml of the analgesic Carprofen (50mg/ml, 

Rimadyl, Pfizer, West Ryde, NSW, Australia) was given via subcutaneous injection with 

a 30-gauge needle behind the neck. Eye protection was applied (Lacrilube eye gel, 

Allergan Australia Pty Ltd, Australia) before the surgery. Before initiating the surgical 

procedure, the response of animals to stimuli was noted to ensure that the animals 

were fully anaesthetised before any painful stimuli. The maintenance of dose-
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response to inhalation of isoflurane is generally reduced from 5 to 2% during the 

procedure. This adjustment of the dosage is based on observing the reflexes noted to 

return or if breathing becomes rapid and shallow during the procedure. The dose was 

increased to 4 or 5% for a short period of time if pain response is noted. Body 

temperature was maintained during surgery by placing animals on a heating pad 

covered with an absorbent pad. To access the retroperitoneal cavity, a 5 mm left 

subcostal incision was made with surgical scissors (fine cut-straight /pointed & 

pointed/10.5cm) through the skin and muscle layer. The spleen was exteriorized 

delicately onto a small piece of distilled water-soaked gauze. Slowly over one minute, 

0.05ml of the 1×106 cells/ml tumour cell suspension was injected into the spleen body 

using a 25-gauge needle while holding steady with dissecting forceps (Adsons plain, 

11 cm). Distilled water-soaked gauze pads were placed over the injection site, and the 

needle carefully removed, preventing it from perforating the spleen. The spleen was 

compressed for 2 minutes allowing for the remaining tumour cells within the spleen 

to enter via the portal circulation to seed exclusively in the liver. The splenic blood 

vessels were cauterized, and the spleen was removed by transecting the vessel distal 

to the cauterized section (Low-Cost Cauteriser Kit; Fine Science Tools, Fisher 

Scientific). A continuous suture was used to close the abdominal muscle layer, while 

discontinued suture (3-4 stitches) (Vicryl 4-0, ETHICON) were used to close the skin 

wound. Mice were closely monitored until full recovery, and their body temperature 

was maintained after the surgery by placing animals’ cages on top of a heating pad.  

 

2.4 Kinetics of the tumour growth in the MoCR mouse model 

Colorectal cancer cell seeded in the liver of the immunocompetent mouse model 

reproduces the Gompertzian growth curve for human colorectal liver metastases 

(Finlay et al., 1988). Gompertzian curve-based model consists of a lag phase from day 

0 to 10 post tumour induction, which macroscopically has been described as an 

avascular tumour metastasis with a size of less than 2 mm. The exponential growth 

of the tumour is triggered by the start of angiogenesis at day 10, while the early 

angiogenic phase encompasses until day 15 post tumour induction. Metastases are 

fully established by 21-days following tumour induction. The plateau phase is reached 
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when there is a balance between cell proliferation rate versus cell death (Kuruppu et 

al., 1996) (Fig. 4).  

 

 

 
Figure 4. Kinetics of the tumour growth in the MoCR mouse model. Tumour growth kinetics in the 
MoCR-CLM model follows a Gompertzian curve-based model (Kuruppu et al., 1996). 
 
 

2.5 Treatment protocol  

Mice received tumour induction and were separated into two groups: control (saline) 

and treatment (captopril). Captopril (D-3-mercapto-2-methyl propanol-L-proline, 

Sigma-Aldrich, Sydney, NSW, Australia) was obtained in powder form and was made 

up each day by dissolving it in sterile saline (Pfizer Sodium Chloride 0.9% For Injection 

BP,  Australia) and neutralized with a small amount of sodium hydroxide to adjust the 

pH to 7.4. Captopril was administered daily via intraperitoneal injection (IP) adjusted 

to the body weight of each mouse (750mg/kg) from day one post-tumour induction to 

the endpoint. Control mice received an equal volume of saline. Mice were monitored 

daily post tumour induction following standard animal experiments guidelines, paying 

close attention to any change in body weight. The doses dependent effect of the 

Captopril treatment MoCR-CLM model has been previously characterized (Neo et al., 
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2010; Neo et al., 2007). For the present studies, the maximum tolerated dose of 

750mg/kg was used. 

2.6 MoCR-CLM model Tissue collection 

Tissues were collected at days 15 and 21 post tumour induction. At each endpoint, 

animals were terminally anaesthetized with 5% isoflurane for more than 10 minutes 

(Forthane® isoflurane anaesthetic inhalation, AbbVie Global) inside a sealed 

container. An exploratory laparotomy was performed, and the entire abdominal cavity 

was examined for indications of extrahepatic metastases, including the splenic bed. 

The liver was carefully perfused through the inferior vena cava with 20 ml saline 

solution after performing a heart puncture, then excised and harvested. Immediately 

following excision, liver weights were recorded. To evaluate tumour burden and 

tumour viability, whole liver tissues were then fixed in formalin (10%) (Sigma Aldrich, 

Castle Hill, NSW, Australia) for 24 hours and then transferred to 70% ethanol.  

Separate experiments were conducted to simultaneously collect tissues for 

immunohistochemistry (IHC) and multiplex immunohistochemistry (mIHC) using the 

median, right, and left lobe of the mouse liver while caudate lobes were used either for 

Fluorescent-activated cell sorting (FACS) or for global proteomics experiment.  Day 15 

is the earliest time point that enough clean tumour tissue could be isolated for FACS 

analysis. For the global proteomics experiment, tumours were thoroughly separated 

from the livers using microsurgery instruments. These tissues were snap-frozen in 

liquid nitrogen (LN2) and immediately stored at -80ºC (Fig. 5).  

Lymphadenectomies were performed on day 15 following previously described 

procedures in mice (Zheng et al., 2013). Inguinal lymph nodes were collected, instead 

of the portal and celiac lymph nodes (liver-draining lymph nodes) because they 

showed similar T-cell, DC and macrophage composition, but they do not require 

fluorescent or other stating procedures for their identification, which may alter the 

results of subsequent staining protocols (Zheng et al., 2013).  
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Figure 5.  Workflow diagram of experimental design. Liver metastases were induced by intrasplenic 
tumour induction and allowed to develop for 15 and 21 days. Captopril or saline control treatment was 
delivered daily via intraperitoneal injection. At each endpoint, mice were terminally anaesthetized, and 
their livers perfused with saline before removal. Most livers were fixed and prepared for IHC and 
stereology, while a small proportion was prepared for flow cytometry and global proteomics, including 
the separation of tumour from the liver tissues using independent experiments for each time point (n≥5 
mice).  Adapted from: (D. L. Vallejo Ardila et al., 2020) 
 
 

 2.7 Macroscopic Stereology 

Tumour growth was assessed by stereology on each endpoint (day 15 or 21) following 

tumour induction. Images of the whole liver were taken to examine the tumour 

distribution, number of tumours per liver, the total tumour area per liver, the total area 

of the liver, and number of metastatic foci. Each liver was transversely sliced into 
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sections of 1.5mm thickness using a tissue fractionator. For large livers (saline 

control), every second slice was sampled for analysis. Every slice was taken for 

analysis to provide unbiased and quantitative data of the tumour burden and number 

of metastatic foci in the case of small size livers (captopril treated tumours). Liver 

slices were placed on a transparent plastic plate; a digital camera (Nikon compact 

camera) was used to capture the images, and these were analysed using image 

analysis software (Image Pro-plus, Version 4.5.1, CyberMedia, Perth, WA, Australia). 

Tumours were visualized as distinctive white/cream-coloured areas against the brown 

liver tissues. Each tumour outline was annotated following the invasive tumour margin 

to determine the tumour area and the liver after calibrating the pixel/area (Fig. 6). 
 
 

Figure 6. Quantitative stereology for calculating the percentage of tumour burden. Representative 
livers of each treatment are pictured on day 15 and day 21. Livers were fixed, sectioned, and analysed 
by stereology for the % tumour burden of the total liver area. 
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2.8 Hematoxylin and Eosin staining  

Hematoxylin and Eosin staining (H&E) was used to delineate tumour masses within 

the liver tissue, study morphological changes and position of infiltrates, and calculate 

tumour viability in the mouse liver-tumour tissue (Fig. 7). Slides with 4μm sections 

were de-waxed in Histolene (for 10 min, in two cycles) and rehydrated in histologically 

graded ethanol concentrations of 100% and 70% for 1 minute each, followed by 

washing in running tap water for 1 minute. Slides were counterstained in Mayer’s 

hematoxylin for 3 minutes. The hematoxylin was rinsed off in running tap water for 15 

seconds and ‘blued’ in Scott’s water for 2 minutes. Slides were then immersed into 1% 

Eosin Y solution (Sigma, Aldrich, England) for 2 minutes; Slides were dipped three 

times into water to rinse off excess Eosin and dehydrated in ascending grades of 

ethanol (70% and two changes of 100%) quickly. Slides were left in Histolene for 10 

minutes; cover-slipped, mounted with DPX neutral mounting medium and allowed to 

dry under the fume hood. The H&E staining uses the principle that hematoxylin is a 

basic dye with an affinity for the nucleus, while eosin is an acidic dye with an affinity 

for the cytoplasmic components of the cell. 

 

 
Figure 7. Tumour viability analysis. Stained with H&E for calculating the viable proportion of tumour of 
the (A) control and (B) captopril treated group. The total area of the tumour (T) annotated in black was 
calculated, then the necrotic areas (N) annotated in red were subtracted. Adjacent liver parenchyma (L) 
was not included. Adapted from:(D. L. Vallejo Ardila et al., 2020) 
 
 

 2.9 Immunohistochemistry in Mouse liver and tumour tissues  

Formalin-fixed paraffin tissue sections (4 µm) were used with an indirect peroxidase 

labelling technique (Envision Plus, DAKO, Australia). Following sequential steps of 

deparaffinization, rehydration and washing in Tris Buffered Saline (TBST) with Tween 
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20 (0.5%) pH 7.5. Endogenous peroxidase activity was blocked with 3% H2O2 (Dako 

REAL Peroxidase-Blocking Solution; Agilent code S2023) for 30 minutes. Afterwards, 

non-specific binding was inhibited with 10% normal goat serum (01-6201 Thermo 

Fisher Scientific). Depending on the optimized condition for each antibody, all slides 

were subjected to either primary heat-induced epitope retrieval (HIER) buffer (pH 6.0 

citrate buffer or pH9 buffer [Target retrieval Solution; Dako code S2367]) or IHC 

SELET® proteinase K (Millipore, concentration 0.2mg/ml).  Antigens were visualized 

by immunohistochemical staining using their respective antibodies diluted as 

described in Table 1, and negative controls were stained without the corresponding 

primary antibodies. Following primary antibody treatment, sections were incubated 

with a horseradish peroxidase labelled polymer secondary antibody (peroxidase-

conjugated goat anti-rabbit secondary antibody (Envision +®System- HRP kit; Agilent 

Dako, Australia) for 40 minutes. The antigen-antibody complex was visualized by 

diaminobenzene DAB chromogen substrate solution (1 drop of DAB (Envision 

+®System-HRP kit) chromogen added to 1ml of DAB buffer (Envision+®System-HRP 

kit) was applied to the slides and incubated for 2 minutes depending on the optimized 

condition to reduce background staining. Slides were then washed in running tap 

water for 2 minutes to remove any unbound HRP conjugated secondary antibodies. 

Slides were counterstained with Mayer’s hematoxylin (SIGMA, St Louis, Missouri, USA) 

for 2 minutes, after which they were washed and ‘blued’ in Scott’s tap water for 2 

minutes. After a final wash in tap water, the slides were dehydrated in ascending 

graded ethanol (70% and two changes of 100%) for 2 minutes each. Slides were left 

in the clearing solution Histolene for 10 minutes before they were coverslipped and 

mounted with DPX neutral mounting medium (Ajax Finechem Pty Ltd., Taren Point, 

NSW, Australia) and allowed to dry in the fume hood at room temperature overnight. 
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Table 1. IHC panel of antibodies for mouse studies. 

Target 
protein 

Catalogue 
No. Company Clone Dilution 

Species 

Cross-
Reactivity 

Storage 
Antigen 

Retrieval 
Detection 

PD-L1 13684 Cell 
Signalling E1L3N 1:500 

Human 

And 
Mouse 

-20 
 

Citrate 

DAB 

 

F4/80* Sandrin 
Lab donated n/a 1:200 Mouse -20 

Proteinase K 

Rat linker* 

DAB 

 

CD3 M7254 Dako 
F7.2.38 

A0452 
1:100 

Human 

And 
Mouse 

4 Proteinase K 
DAB 

 

CD4 14-9766-82 
Invitrogen, 

eBioscienc
e™ 

4SM95 1:1000 Mouse 4 Citrate 
DAB 

 

CD11b Ab133357 Abcam EPR1344 1:4000 
Human 

And 
Mouse 

-20 Citrate DAB 

CD11c 
(Itgax) 97585S Cell 

Signalling D1V9Y 1:100 Mouse -20 Citrate 
DAB 

 

Anti-
proteaso
me 20S 

LMP7 

(Psmb8) 

Ab3329 Abcam n/a 1:250 
Human 
and 
Mouse 

-20 Citrate 
DAB 

 

PSMB5/ 

MB1 
Ab3330 Abcam n/a 1:200 

Human 
and 
Mouse 

-20 Citrate 
DAB 

 

* Kindly donated by Professor Mauro Sandrin, The University of Melbourne, 

Department of Surgery, Austin Hospital, Heidelberg. 

 

2.10 Image caption and analysis algorithm  

Slides were scanned at 20× magnification (Aperio Scanscope AT Turbo; Leica 

Biosystems). Image analysis software (Aperio ImageScope™) measured the number 

of positive cells within designated areas. Given the small size of immune cells, the 

Positive Pixel Count v9 (version 9.1) algorithm was applied as a basis for detecting 

immune marker positivity, with the intensity thresholds adjusted manually to remove 

background artefacts as follows: WEAK pixels: 220-175, MEDIUM pixels: 175-100, 
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STRONG pixels: 100-0, and NEGATIVE pixels: -1. In order to account for variable 

differences in cell size, and to measure positivity (Number of positive cells/ total 

number of positive plus negative), and cell density (number of positive cells/per 

millimetre-square) in the tumour, tumour “periphery” or tumour inner invasive margin, 

liver, and lymph node (if when collected), thresholds for detection of positivity were 

manually adjusted as follows: CD3+ and CD4+ Hue value (centre):0.1; Hue width:0.33 

and colour saturation threshold:0.15;  CD11b+ Hue value (centre):0.1; Hue width:0.33 

and colour saturation threshold:0.4; CD11c+: Hue value (centre):0.1; Hue width:0.2 and 

colour saturation threshold:0.03; and F4/80+: Hue value (centre):0.1; Hue width:0.33 

and colour saturation threshold:0.2.  

 

CD3+, CD4+, and F4/80+ cell distribution between tumour periphery and core was 

examined at each endpoint post-tumour induction, whereas CD11b+ and CD11c+ cell 

distribution between tumour periphery and core were examined only at day 15. The 

tumour “periphery” was defined to include approximately an equal length of the 

leading edge of tumour cells and the adjacent stromal interface defined as the 

invasive inner margin. The “core of the tumour” was defined as the total tumour area 

excluding the periphery. For each of these regions (periphery/leading edge or core), a 

total area up to 100 µm per pixel containing the highest density of IHC+ cells, were 

drawn to encompass these areas. When the inner invasive tumour margin or centre of 

the tumour was smaller than 5 µm per pixel, the whole tumour's positivity and the 

invasive margin were considered the same. PD-L1 and Anti-proteasome 20S LMP7 

expression were counted in the membranous and cytoplasmic tumour region using 

the same staining intensity thresholds to detect immune marker positivity mentioned 

above (Fig. 8). 



35 
 

 
Figure 8. Histological quantitation strategy. (A) representative microphotographs of IHC CD3 staining; 
(B) representative microphotographs of IHC CD4 staining; marked-up (m) and annotated (a) tumour 
margin (red line) and intratumoral (green line) distribution at day 15 post-tumour induction (Scale bar = 
200 µm). Representative microphotographs of IHC annotated of the tumour margin compared to the 
total area of the tumour of  F4/80+ (C) at day 15 and (D) day 21 post-tumour induction (Scale bar = 100 
µm measured from the edge of the tumour in direction to the core). Representative microphotographs 
of IHC annotated of the tumour margin compared to the total area of the tumour of (E) CD11b+ and (F) 
CD11c+ at day 15 post-tumour induction (Scale bar = 100 µm measured from the edge of the tumour in 
direction to the core). Representative microphotographs of IHC (G) LMP7+ and (H) PD-L1 annotated 
intensity of tumour area at day 15 post-tumour induction (Scale bar = 100 µm). Adapted from: (D. L. 
Vallejo Ardila et al., 2020) 
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2.11 Flow cytometry procedure and  dimensionality reduction analysis  

At the experimental endpoint, livers were excised as described above, and caudate 

lobes separated for processing for flow cytometry. Tumours were macroscopically 

isolated from liver parenchyma, and both tumour and macroscopically tumour-free 

liver were treated with tissue digest medium (0.25 mg/ml Liberase, Sigma and DNAse, 

Sigma) at 37 ºC degrees for 40 minutes. Tissues were then pushed through a 

stainless-steel mesh, centrifuged at 100g 5 min RT. The cell pellets were treated with 

red blood cell lysis buffer (10X solution containing ammonium chloride, potassium 

carbonate, and EDTA, and should be diluted in deionized water) (2 min 37 ºC degrees), 

then centrifuged at 100g 5 min RT. The cell pellets were resuspended in cold FACS 

wash buffer (10% BSA/5mM EDTA/ 0.01% sodium Azide in PBS PH 7) and stored on 

ice. 1x 106 cells were stained 20 min at 4 ºC degrees with the optimized diluted 

antibody cocktails directly conjugated to the following fluorochromes as described in 

Table 2.  Each sample was analysed on a FACS CANTO II (BD Biosciences) and data 

analysed by FlowJoTM (Ashland, Oregon).  Lymphocytes were identified as live (DAPI 

negative), single cells that were negative for autofluorescence, CD45 and CD3 

positive. Fluorescence Minus One (FMO) control was used to gate CD4 accurately or 

CD8 positive T cells and then the expression of PD-1 and CD103 on these T cell 

subsets, including CD3 positive cells that were expressing neither CD4 nor CD8, 

termed double-negative T cells (DNT) (Fig. 9). The flow-cytometry gating strategy 

shows CD11b positive myeloid cells gated on CD45 (leukocytes). FMO controls were 

used to gate CD31 on the CD45+CD11b+ myeloid population accurately. Then F4/80 

cells were gated on CD31 myeloid subsets and based on the lack of expression, CD31, 

F4/80 was assessed. Ly6C expression was gated on F4/80low/negative subset, while 

PDL1 positive cells were gated on F4/80+ (Figure 10).  Figure 11 illustrates the 

interpretation of the surface markers on the liver and tumour myeloid-derived cells in 

mice with CLM. These markers provide a framework for the characterization of MDSC, 

as they have been previously defined by other studies (Bronte et al., 2000; Connolly et 

al., 2010; Ling et al., 1997; Y. Wang et al., 2020). 
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Table 2. FACS panel of antibodies for mouse studies.  
Cocktail type 

Marker Fluorophore Clone Brand Catalogue no. 

 T- cell  CD3e PE 145-2c11 BD pharmingenTM 553064 

CD4 APC cy7 GK1.5 BD pharmingenTM 561830 

CD8a PE cy7 53-67 BD pharmingenTM 561097 

CD103 FITC 2 E 7 Miltenyi Biotec 130-118-681 

CD279 (PD1) APC REA802 Miltenyi Biotec 130-111-801 

CD45 BV510 30-F11 BD Horizon 563891 

 CD16/32 pure clone93 Miltenyi Biotech 130-092-574 

Myeloid-

derived 

populations 

CD274/PDL1 PECy7 M1H1 BD pharmingenTM 558017 

F4/80 FITC REA126 Miltenyi Biotech 130-116-499 

CD11b APC-Cy7 M1/70 BD pharmingenTM 561039 

Ly6C PE AL-21 BD pharmingenTM 560592 

CD31 APC MEC13.3 BD pharmingenTM 561814 
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Figure 9. Gating strategy T lymphocytes and DNT. Gating strategy for analysis of lymphocyte 
subpopulations. (A) Viability, single cells, and autofluorescence were used as optimising strategies to 
analyse the CD3+ lymphocyte subpopulations within the total CD45+ leukocyte population in the liver 
(example given) and tumour. (B) The expression of PD1 and CD103 on gated lymphocyte 
subpopulations on tissues from captopril treated (green line), saline-treated (blue dash) and unstained 
for PD1 and CD103 controls (grey fill). (D. L. Vallejo Ardila et al., 2020) 
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Figure 10. Gating strategy for analysis of Myeloid-derived population. (A) Viability, total leucocytes, 
size gate, single cells were used as optimising strategies to analyse CD11b+ myeloid-derived 
subpopulations within the total CD45+ leukocyte population in the liver and tumour (an example is 
given). (B) The expression of CD31 was gated to define the presence of a precursor phenotype (CD31+) 
from the mature phenotype (CD31-). PDL1 on gated CD11b+ CD31- subpopulations expressing F4/80+ 
on tissues from captopril treated, saline-treated comparing their liver and tumour expression (an 
example is given). (C) Ly6C on gated CD11b+ CD31- F4/80- subpopulation on tissues from captopril 
treated (green line), saline-treated (blue line) comparing their expression in liver and tumour (an 
example is given). 
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T- Distributed Stochastic Neighbour Embedding (t-SNE) -guided analysis was 

performed using flow cytometry processed tumour samples (Toghi Eshghi et al., 

2019). Pre-processing steps were conducted the same as in conventional hand-gating 

flow cytometry to exclude doublets and dead cells from the captopril treated and 

saline tumour FCS data files. Besides, a subset of events from the parent population 

was selected and placed in the downsample gate using the downsampling tool 

FlowJo™ plugin, and only compensated parameters were included for t-SNE analysis. 

The rationale of the approach compared five samples in the captopril treated group 

and seven samples in the saline group to downsample and concatenate all samples 

together by creating categorical populations.    

Data were analysed with FlowJo software v.10.7. Captopril treated and saline tumour 

FCS data files were imported into FlowJo™ t-SNE plugin (Belkina et al., 2019). A subset 

of more than 10,000 events was selected from each treatment condition at random, 

their expression matrices containing measured intensities for each marker at a single-

cell level were extracted and merged into a single expression matrix using functions 

from the FlowJo™ t-SNE plugin. A subset of 27,036 cells was concatenated into a 

merged single expression matrix before t-SNE analysis using keyword-based or 

categorical gates (sample ID and treatment condition). The categorical populations 

referred to five samples in the captopril treated condition and seven samples in the 

saline tumour condition. All compensated parameters except viability channel were 

selected. t-SNE-guided manual gates were drawn based on observed boundaries of 

phenotypic marker expression for PD-L1, F4/80, Ly6C, CD45 and CD31. The Barnes-

Hut implementation of t-SNE with 1,000 iterations, a perplexity parameter of 30, and a 

learning rate (eta) 2800  was used for applying the dimensionality reduction algorithm 

(KNN algorithm: Exact [vantage point tree]). t-SNE maps were generated by plotting 

each event by its t-SNE dimensions in a dot-plot. Intensities for markers of interest 

were overlaid on the dot-plot to show the expression of the following markers: CD45, 

CD11b, CD31, F4/80, Ly6C and PD-L1. The heat map generated to visualize the median 

expression level of each marker in each cell, which was indicated by colour (Figure 

11A). Each of these markers was then gated on the t-SNE overlay of the captopril 

treatment and saline conditions. The overlay displayed the cell islands that are derived 
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from the captopril treatment condition (contour plots shown in red) and that are 

derived from the saline condition (contour plots shown in light blue) and present in 

both treatment conditions (Figure 11A). t-SNE-guided cell frequency calculations were 

mapped into the t-SNE overlay of the captopril treatment and saline conditions 

according to the conventional gating strategy used to identify and stratify myeloid 

populations and subpopulations (Figure 11B). To further explore cellular islands of 

the saline condition that did not appear to overlap with the captopril treated cellular 

tumour islands. A query gate was drawn onto the t-SNE plot shown in the orange 

contour plot, and each marker expression was shown in the panel of histograms. 

Computationally defined clusters were qualitatively assessed on Phenograph (Levine 

et al., 2015).  
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Figure 11. Identification and stratification strategy for t-SNE-guided gating analysis of myeloid 
population and subpopulations. (A) Heatmap plots were generated using Phenograph for t-SNE 
visualisation of CD45, CD11b, CD31, F4/80, Ly6C and PD-L1. (B) t-SNE-guided gating analysis of myeloid 
population indicating (1) cells present in the liver and tumour tissue suspension were divided into two 
groups. (2) Leukocyte population expressing CD45+ in liver and tumour and other (CD45-). Size gate and 
single cells were used to optimise the strategy to analyse CD11b+ myeloid subpopulations within the 
total CD45+ leukocyte population. (3) Myeloid subpopulations were distinguished based on the 
expression of CD31. (4) Further phenotypic analysis of CD31 myeloid cells was based on the expression 
F4/80. (5) PD-L1 expression was assessed on F4/80+. (6) Ly6C monocytes were divided into high, 
intermediate, and low levels of expression. 
 
 
 



43 
 

 2.12 Global proteomics and bioinformatic analysis 

At the experimental endpoint of 15 days following tumour induction, livers were 

excised as described above. Visible tumours (>2mm) were carefully excised from the 

whole liver and homogenized before freezing. These tissues were immediately snap-

frozen in LN2 and stored at -80ºC. For global proteomics, processing liver tissues were 

separated into two groups: control (saline) and treatment (captopril). Tissue lysates 

were prepared for each sample included in the control and captopril group. Each group 

included five biological replicates.  

On day 1, the liver and tumour tissues were grinded into fine powder, then protein 

extraction was carried out using RIPA buffer (25mM Tris HCl, pH 8, 150mM NaCl, 1% 

Triton x-100, 1% Na deoxycholate, 0.5% SDS, 1mM EGTA for 100mL). In addition, on 

the day of use, a protease inhibitor cocktail and a phosphatase inhibitor (PhosSTOP™ 

Sigma-Aldrich, Sydney, NSW, Australia) was added to 10mL RIPA buffer. After 

removing insolubilized protein, the supernatant was transferred to acetone- 

compatible tube. Acetone was kept at 20°C, four times the sample volume of cold 

(20°C) acetone was added to the supernatant.  

On day 2, for tissue lysate preparation, the pellet was re-suspended in 500ul of 8M 

urea in 50mM Tetraethylammonium bromide (TEAB) (SIGMA, St Louis, Missouri, USA) 

and TCEP/DTT (Tris(2-Carboxyethyl) phosphine hydrochloride) (ThermoFisher) and 

vortex to solubilize. A protein assay (micro-BCA assay) was run to quantify the same 

protein amount in each sample (500µg -1mg). Next, iodoacetamide 55mM was added 

to each sample at room temperature and then diluted to 1M urea. Tissue lysates were 

digested with trypsin (1µg enzyme:50ug protein) (ThermoFisher) and incubated with 

shaking overnight at 37°C in the bacterial incubator. On day 3, SPE clean-up with SPE 

cartridge (Waters, Australia) after setting up the cartridges, so they eluted into the tube 

below. The cartridge was washed with 1ml of 80% ACN/0.1%TFA after the flow-

through was discarded. Then, it was washed with 1.2ml of 0.1% TFA X 2 after the flow-

through was discarded. To acidify the sample to 1% (v/v), pure formic acid was added 

(4µl of formic acid to 4mL sample). The sample is loaded onto the cartridge after the 

flow-through was discarded. Another wash with 1.2ml of 0.1% TFA X 2 was performed. 

All samples were eluted with 800µL of 80% ACN/0.1% TFA and collected in 1.5mL 
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Eppendorf tubes. Finally, aliquots of 20µg equivalent of protein were transferred on 

ice for speed-vac and freeze-drying. 

The liquid chromatography-tandem mass spectrometry (LC-MS/MS) based 

quantitative proteomics approach allowed quantitatively comparing changes in 

protein abundance in five biological samples per group. LC-MS/MS was carried out on 

a QExactive plus Orbitrap mass spectrometer (Thermo Scientific) with a nanoESI 

interface in conjunction with an Ultimate 3000 RSLC nano HPLC (Dionex Ultimate 

3000). The LC system was equipped with an Acclaim Pepmap nano-trap column 

(Dinoex-C18, 100 Å, 75 µm x 2 cm) and an Acclaim Pepmap RSLC analytical column 

(Dinoex-C18, 100 Å, 75 µm x 50 cm). The tryptic peptides were injected into the 

enrichment column at an isocratic flow of 5 µL/min of 2% v/v CH3CN containing 0.1% 

v/v formic acid for 5 min applied before the enrichment column was switched in line 

with the analytical column. The eluents were 5% DMSO in 0.1% v/v formic acid (solvent 

A) and 5% DMSO in 100% v/v CH3CN and 0.1% v/v formic acid (solvent B). The flow 

gradient was (i) 0-6min at 3% B, (ii) 6-65 min, 3-22% B (iii) 65-75min 22-40% B (iv) 75-

80min, 40-80% B (v) 80-85min, 80-80% B (vi) 85-86min 80-3% and equilibrated at 3% B 

for 10 minutes before the next sample injection. The QExactive plus mass 

spectrometer was operated in the data-dependent mode, whereby full MS1 spectra 

were acquired in positive mode, 70 000 resolution, AGC target of 3e6 and maximum IT 

time of 50ms. Fifteen of the most intense peptide ions with charge states ≥2 and 

intensity threshold of 5e4 were isolated for MSMS. The isolation window was set at 

1.2m/z, and precursors fragmented using normalized collision energy of 30, 17 500 

resolution, AGC target of 5e4 and maximum IT time of 50ms. Dynamic exclusion was 

set to be 30sec. 

The global proteomics data files were analysed using MaxQuant version 1.6.5. (Cox & 

Mann, 2008; Tyanova et al., 2015), which is open-source software for inspection of 

raw data, identification of peptide features and quantification results. It is freely 

available and can be downloaded from www.maxquant.org. Perseus was used for 

statistical analysis and data visualization (Tyanova et al., 2016). Perseus Software 

1.5.1.5 Licence can be downloaded from 

http://www.coxdocs.org/doku.php?id=perseus:start.  

http://www.maxquant.org/
http://www.coxdocs.org/doku.php?id=perseus:start
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Statistical analysis (Welch’s t-test) was implemented to compare protein expression 

differences between saline and captopril treated groups. Statistical significance was 

defined by p-value ≤ 0.01 and a Log2 fold change ≥ 2. Functional enrichment and 

protein-protein interaction network reconstruction were performed using the Search 

Tool for Retrieval of interacting Genes version 11.0 (STRING) (https://string-db.org) 

(Szklarczyk et al., 2019) to acquire protein-protein interactions (PPI) networks. 

Integrative pathway analysis was computed with performed using Functional 

Enrichment analysis tool (FunRich) version 3.1.3  (http://www.funrich.org/) (Pathan et 

al., 2015). Global proteomics results were validated by IHC as necessary for 

experimental validation to quantify protein expression. 

 

2.13 Multiplex IHC staining of Mouse liver and tumour tissues 

mIHC (OPALTM protocol, PerkinElmer/Akoya Bioscience) was performed to assess the 

presence and colocalization of T cell markers, immunoproteasome subunits and 

dendritic cell markers.  Formalin-fixed paraffin-embedded (FFPE) tissue sections (4 

µm) were dewaxed, rehydrated, and fixed in 10% Neutral-Buffered Formalin for 30 

minutes. Then, all slides were subjected to a primary heat-induced epitope retrieval 

buffer with either pH 6.0 (AR6 buffer; PerkinElmer/Akoya Biosciences cat. No. 

NEL861001KT) or pH9 buffer (Target retrieval Solution; Dako code S2367). Following 

antigen retrieval conditions were dependent on the antibody used and performed in 

the microwave for 2 minutes at 100 % power or until boiling point, then at 20% power 

for 10 minutes or Proteinase K IHC SELET® proteinase K (Millipore, concentration 

0.2mg/ml) for 30 minutes at room temperature, which does not require microwave 

pre-treatment. After washing in Tris Buffered Saline with Tween 20 (0.5%) pH 7.5, 

endogenous peroxidase was blocked in 0.3% hydrogen peroxide solution (Dako REAL 

Peroxidase-Blocking Solution; Agilent code S2023) and followed by antibody 

Diluent/Block (PerkinElmer/Akoya Biosciences cat. N° ARD 1001EA) to block non-

specific binding before the incubation with the primary antibody overnight at 4°C. 

Secondary HRP-conjugated antibody (Opal Polymer HRP Rb; PerkinElmer/Akoya 

Biosciences) was applied for 40 minutes, and then Tyramide signal amplification 

(TSA) dye (Opal Polaris 6 colour fluorophore PerkinElmer/Akoya Biosciences cat. No. 

https://string-db.org/
http://www.funrich.org/
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NEL861001KT) for 10 min. The slides were washed in TBST/0.5% washing buffer after 

each application. The procedure was repeated for each antibody, starting with the 

antigen retrieval step. Following antigen retrieval conditions were dependent on the 

antibody used and performed in the microwave for 2 minutes at 100 % power or until 

boiling point, then at 20% power for 10 minutes or Proteinase K for 30 minutes does 

not require microwave pre-treatment. Antibodies used included CD39/NTPDase 1:200 

(E2X6B, Cell Signalling Technology); CD8α 1:500 (D4W2Z, Cell Signalling Technology); 

PD-L1 1:1000 (E1L3N, Cell Signalling Technology); F4/80 1:200 (Ascites, kindly 

donated by Mauro Sandrin’s Laboratory); CD11c 1:200 (Clone D1V9Y, Cell Signalling 

Technology); Anti-proteasome 20S LMP7 1:250 (ab3329, Abcam); and Anti-

PSMB5/MB1 1:200 (ab3330, Abcam) (Table 3). The immunofluorescent signal was 

visualized using the OPAL™ 5-colour fIHC kit (Perkin Elmer/Akoya, MA) TSA dyes 520, 

540, 570, 620, 650 and 690, counterstained with DAPI (concentration 1mg/ml; dilution 

1:4000; ThermoFisher scientific; cat. No. 62248). Image acquisition and quantification 

were performed using Vectra® 3.0 Automated Quantitative Pathology Imaging 

System (Perkin Elmer/Akoya, MA) (Fig. 12). The procedure described above followed 

general recommendations to ensure quality data results in mouse FFPE tissue 

sections (Sorrelle et al., 2019). 

The quality of the mIHC staining protocol to evaluate the mouse T-cell phenotypes 

was markedly limited because the high autofluorescence signal emitted by the mouse 

liver tissue overlapping with the spectral signal captured by the FITC channel. Different 

reagents, including TrueBlack Lipofuscin Autofluorescence Quencher (no. 23007; 

Biotium) and peroxidase-Blocking Solution (Dako REAL; Agilent code S2023), were 

used. The myeloid cell compartment was characterized in the mouse tissue using 

CD11c and CD8 makers to measure the ratio of expression of both markers. These 

markers were paired to dyes in the extreme ends of the spectrum detection in the 

TRITC  and Cy5 channel to unmix the signal of each marker (see chapter 5). More 

importantly, the selection of highly specific antibodies to reduce background staining 

was essential for improving image caption on Vectra® imaging and inForm® cell 

phenotyping  (Sorrelle et al., 2019).  
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Figure 12. mIHC based on Tyramide signal amplification (TSA) using Opal chemistry. TSA/mIHC 
protocol depends on the fluorescent signal amplification, in which Tyramide covalently binds to the 
epitope in a highly specific manner permitting serial staining. In the diagram is shown that (A) after 
primary antibody incubation (i.e., CD3, CD8 and CD103), (B) a secondary antibody labelled with HRP is 
applied. (C) A fluorophore‐conjugated tyramide molecule serves as the substrate for HRP, resulting in 
an antigen‐associated fluorescence signal or activated tyramide-fluorophore. TSA/mIHC protocol was 
optimized to demonstrate excellent signal for each primary antibody used for staining the spectral 
library, mouse (Sorrelle et al., 2019) and human tissue (Halse et al., 2018) to prevent noise (i.e., 
autofluorescence) through the reduced background. Imaging caption and analysis was performed 
using Vectra® 3.0 Automated Quantitative Pathology Imaging System (Stack et al., 2014). 
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Table 3. Multiplex IHC antibody panel for mouse studies. 

Target 
protein 

Catalog
ue № Company Clone Dilution 

Species 

Cross-
Reactivity 

Storage 
Antigen 

Retrieval 
Detection 

PD-L1 13684 Cell 
Signalling E1L3N 1:1000 

Human 

And 
Mouse 

-20 
AR6  

 

 

TSA 690 

F4/80 Sandrin 
Lab donated Rat 

linker* 1:200 Mouse -20 Proteinase 
K 

 

TSA 520 

CD8α 
(Lyt2) 98941 Cell 

Signalling D4W2Z 1:500 Mouse -20 AR6 TSA570 

CD11c 
(Itgax) 97585S Cell 

Signalling D1V9Y 1:200 Mouse -20 AR6 TSA540 

CD39/ 
NTPDase 1 14481 Cell 

Signalling E2X6B 1:200 Mouse -20 AR6 TSA650 

LMP7 

(Psmb8) 
Ab3329 Abcam n/i 1:1000 

Human 
and 
Mouse 

-20 AR6 TSA690 

PSMB5/ 

MB1 
Ab3330 Abcam n/i 1:200 

Human 
and 
Mouse 

-20 AR6 TSA620 

 

2.14 Statistical analysis for Mouse CLM studies 

Statistical analysis was conducted using GraphPad Prism® 8.3.0 (GraphPad 

Software, Inc., San Diego, CA) using both parametric and non-parametric analytical 

tests as appropriate. All data are presented as the mean value of each group ± 

standard error of the mean. The correlation matrix was generated using correlation 

coefficient r (or rs) for each pair of variables: length (µm), area (µm2), tumour margin 

(TM) positivity, tumour core (TC) positivity and total positivity. A heat map of R2 

calculating P values (two-tail) was generated. All statistical tests were two-sided, and 

a p-value of 0.05 was considered statistically significant.  

 

2.15 Human Colorectal Liver Metastases immune profiling 

2.15.1 Human Tissue collection  

Forty-three resected liver specimens (forty metastatic colorectal tumours in the liver, 

two sclerosed hemangiomas and one benign liver) were taken from patients 
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undergoing liver resection. Specimens from these tissues were made available to us 

by the Victorian Cancer Biobank (VCB) after approval from the Austin Health Human 

Research Ethics Committee HREC reference HREC/54233/Austin-2019.  

2.15.2 Inclusion and exclusion criteria  

Patients who had undergone liver resection for CLM within Austin Health or other 

centres and have tissue samples stored within the VCB (with associated appropriate 

research consents) were included in this study. No exclusion criteria were considered 

for this study. 

2.15.3 Histological investigation of growth patterns  

Histological evaluation using H&E stained Aperio scanned slides (x20 Magnification) 

were used for histological growth pattern classification by an expert pathologist 

determining the invasive tumour interface, as follows: desmoplastic, replacement and 

pushing. 

2.15.4 Multiplex IHC staining using human CRL 

mIHC (OPALTM protocol, PerkinElmer/Akoya Bioscience) was performed to assess the 

presence and spatial distribution of T cell markers CD3+, CD8+, and CD103+ and the 

EMT markers α-SMA and E-cadherin.  mIHC was performed as described in the general 

protocol (see Multiplex IHC staining of Mouse liver and tumour tissues), except for 

the usage of Secondary HRP-conjugated antibody (Opal Polymer HRP Ms + Rb; 

PerkinElmer/Akoya Biosciences) was applied for 40 minutes.  Antibodies used 

included rabbit monoclonal CD3 (Agilent Dako, clone A0452; code number M7254, 

proteinase K retrieval, dilution 1:100, dye650), rabbit monoclonal CD8 (ThermoFisher, 

clone SP16; cat. No MA5-14548, dilution 1:100, high pH retrieval, dye570), rabbit 

monoclonal CD103 (Abcam, [EPR4166(2]; cat. No ab129202, 1:1000, high pH retrieval, 

dye540), rabbit monoclonal alpha-smooth muscle actin (Abcam, clone [E184]; cat. No 

ab32575; 1:500, low pH retrieval, dye690), mouse monoclonal E-cadherin (Santa Cruz, 

clone sc-7870, 1: 500, low pH retrieval, dye620), and FoxP3 (Abcam, clone 236A/E7; 

cat. No ab20034, 1:50, low pH retrieval dye520) (Table 4). The immunofluorescent 

signal was visualized using the OPAL™ 7-colour fIHC kit (Perkin Elmer/Akoya, MA) TSA 

dyes 520, 540, 570, 620, 650 and 690, counterstained with DAPI (concentration 
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1mg/ml; dilution 1:4000; ThermoFisher scientific; cat. No. 62248). Image acquisition 

and quantification were performed using Vectra® 3.0 Automated Quantitative 

Pathology Imaging System (Perkin Elmer/Akoya, MA). The protocol described above 

followed the recommendations on best practices for mIHC (Masucci et al., 2016; 

Taube et al., 2020). Sensitivity in detecting the target signal was also optimized using 

single spectral libraries of HeLa cells (comparable to the synthetic library, as per 

manufacturer’s recommendation) and CLM whole tissue specimens stained with each 

primary antibody (see appendix 3). The precise detection of the spectral profiles was 

optimized by using the appropriate filter with the peak of absorption wavelengths and 

then unmixing using the spectral intensity of HeLa-stained cells to enable the 

separation of the signals (Parra et al., 2017). Using optimised exposure times, the 

fluorescent signal was strong enough to subtract the autofluorescence background 

using inForm® software v2.4.2 (Stack et al., 2014). This step prevents the “blee-

through” of signals that may be a false-positive reading. 

 

Table 4. Multiplex IHC antibody panel for Human CLM studies. 

Target 
protein/Day 

Catalogue 
Number Company Clone Dilution 

Species 

Cross-
Reactivity 

Stor
age 

Antigen 

Retrieval 
Detection 

α SMA 

Day 1 
Ab32575 Abcam E184 1:500 

Human 

And Mouse 
-20 AR6 TSA690 

E-cadherin 

Day 2 
Sc-7870 Santa Cruz H-108 1:500 

Human 

And Mouse 
4 AR6 TSA620 

 

Anti-FoxP3 

Day 3 

Ab20034 Abcam 236A/E7 1:50 Human 4 AR6 TSA520 

Anti-CD103 

Day 4 
Ab129202 Abcam EPR4166

(2) 1:1000 Human -20 AR9 TSA540 

CD8 

Day 5 
MA5-
14548 Invitrogen SP16 1:100 Human -20 AR6 TSA570 

CD3 

Day 6 
M7254 Dako 

F7.2.38 

A0452 
1:100 

Human 

And Mouse 
4 Proteinase K 

TSA650 
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2.16 Image analysis using inForm®  

2.16.1 Tissue segmentation using Machine learning-based algorithms  

Machine learning-based algorithms are divided into supervised and unsupervised 

learning. The main objective of supervised learning is to map the input images with 

the appropriate labels inferring on the training data, while unsupervised learning infers 

on hidden structures from unlabelled images (Komura & Ishikawa, 2018). As part of 

the mouse and human experimental procedures, both supervised machine-learning 

algorithms have been performed to analyse mIHC staining results using  inForm® 

software v2.4.2 (Perkin Elmer/Akoya, MA). H&E and OPAL-stained FFPE whole tissue 

sections were used to characterize the distinct immune profile of CLM. Using the low 

power image, an average of 10 HPF images were selected from each CLM sample 

across the liver-tumour interface based on the highest tumour infiltrating lymphocytes 

(TILs) density to assure an accurate representation of all areas for each whole tissue 

sample included in the study (Hendry et al., 2017). InForm® Tissue finder algorithm 

was used for trainable pattern-recognition based on the spectral elements associated 

with the tissue morphology, and tissue segmentation was determined (95% accuracy) 

as follows: adjacent liver parenchyma depicted in red (LP), invasive tumour margin in 

blue (IM) and tumour core in green. 

2.16.2 Cell segmentation and cell phenotyping using Machine learning-based 

algorithms 

Cell segmentation and phenotyping algorithm were applied to 386 HPFs in batch 

analysis using inForm® software v2.4.2 (Perkin Elmer/Akoya, MA). An average of 

three HPFs per tissue segment was taken for calculating the mean cell count per HPF. 

Colour separation, tissue and cell segmentation, cell phenotyping and colocalization 

was performed on inForm® software v2.4.2  (Perkin Elmer/Akoya, MA) to extract 

image data (Fig. 13). Acquired images were examined for the presence of tumour 

infiltrating of  CD3+  T Lymphocytes (CD3+ CD8- CD103-), CD8+ T cells (CD3+CD8+), TRM 

(CD3+CD8+ CD103+), non-T cells (CD3-) expressing CD8+ or CD103+  and cells 

expressing α-SMA or E-cadherin. The distribution of positive cells was determined by 

cell count per HPF and cell density using the previously stated tissue segmentation. A 

representative HPF illustrating the spectral signature was taken for each fluorophore 
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and captured using the multispectral fluorescent microscope Vectra® 3.0 Automated 

Quantitative Pathology Imaging System (Perkin Elmer/Akoya, MA). 

 

 
Figure 13. Tissue and Cell segmentation and phenotype scoring algorithm. Representative 
microphotographs using Vectra® imaging and inForm® cell phenotyping. (A) Tissue segmentation 
displaying adjacent liver parenchyma (LP) in red, invasive tumour margin (IM) in blue, and tumour core 
(TC), including tumour stroma and epithelial interface, in green. (B) Nuclear and cell segmentation and 
(C) Cell phenotype scoring. 
 

2.16.3 Pixel-based colocalization analysis 

 Pixel-based colocalization analysis was applied to quantitate the fluorescent intensity 

for the co-expression of the markers of interest using inForm® software v2.4.2 (Stack 

et al., 2014). First, pixel-count was done after the separation of channels for the 

detection CD3 and CD8 marker, paired with TSA650 and TSA570 dye, respectively. 

Then it was compared with an E-cadherin marker paired with TSA620 (Fig. 14A). For 

instance, the co-expression of CD3+, CD8+ and E-cadherin was assessed on a per-pixel 

basis. The analysis revealed a co-localization pattern, then utilized to calculate the 

positive pixel area of the colocalization area of the three markers as indicated using 

the colour-based colocalization map (Fig. 14B). The maximal threshold adjustments 

for CD3 was 80.00, for CD8 was 119.70, and E-cadherin was 15.  
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Figure 14. Pixel-based colocalization. (A) Representative image of a multispectral image showing 
infiltrating cell phenotypes (green arrow indicates CD8+ T cell expressing E-cadherin) (B) Colocalization 
map indicates in bright green the position of the co-expression of all three markers using inForm® to 
calculate the percentage of co-expression of markers in the whole cohort of CLM. 

 

2.16.4 R analysis of Spatial distribution and spatial engagement 

 R software (version 3.6.2) was used to evaluate spatial patterns using raw data 

obtained from inForm® software v2.4.2 (Perkin Elmer/Akoya, MA). Initially, unique 

cells were identified using cartesian coordinates (x and y) and then labelled cell 

populations according to the immune markers expressed (i.e., CD3+  T Lymphocytes 

(CD3+ CD8- CD103-), CD8+ T cells (CD3+CD8+CD103-), TRM (CD3+CD8+ CD103+), non-T 

cells (CD3-) expressing CD8+ or CD103+ and cells expressing α-SMA or E-cadherin. 

Each inForm® raw data file was analysed using the R package Inter-cellular Spatial 

Analysis Tool (ISAT) to evaluate cell population distances (Wang, 2018). This package 

computes the shortest distance between a cell and a group of cells (findNN function), 

returning summary information about mean distances, median distances and 

percentage of cells passing a distance threshold (procDist function). The percentage 

of a specific subpopulation is calculated by counting the number of cells of the same 

phenotype that have the nearest distance within a cut-off ranging from 5 to 30 µm. 

2.16.5 Cell density analysis 

Cell density (cell/mm2) was calculated by combining cell count from all HPFs 

normalized according to the area of interest (HPF stamp size 3x3= 2046 x 1530 µm, 

resolution= 0.5 µm equivalent to 1 pixel, x 20 magnification). 
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2.16.6 Survival analysis 

In chapter 6, the patient’s survival post-liver resection was interrogated in two separate 

univariate analysis. First, we investigated if the median distribution of cell count for 

each phenotype in areas of interest (LP, IM or TC) had predictive value. Secondly, we 

investigated if the spatial engagement profile of each phenotype to other phenotypes 

could be predictive of patient outcome, we stratified it according to the median 

distribution distance to determine if spatial engagement influences the patient 

outcome. 

In chapter 7, patient’s survival post-liver resection was interrogated in two separate 

univariate analysis to find differences in the immune pattern as follow: intergroup 

differences (RASi high to Control high and RASi low to Control low) and intragroup 

differences (RASi high to RASi low and Control high to Control low). The median cell density 

of each phenotype to stratify patients in whose tumours showed a low density for each 

group (RASi low and control low), defined as below the median cell density, with those 

that had high density (RASi high and control high), or above the median cell density in the 

whole tissue, the LP, IM or the TC. In the first univariate analysis, pairwise comparisons 

were made between RASi high and control high. Subsequently, RASi low as compared to 

control low. In the second univariate analysis, pairwise comparisons were performed 

between  RASi high and RASi low. Successively, control high and control low were 

compared. Log-rank (Mantel-Cox) test comparison was used between the two groups. 

Statistical analysis was performed using GraphPad Prism Statistics version 8 

(GraphPad Software, Inc., San Diego CA). KM plots (for more than two groups) were 

performed using functions of ggsurvminer included in the  ggplot2 package 

for generating graphics and pairwise statistical comparisons (Wickham, 2016). 

2.16.7 Statistical Analysis  

The data extracted as cell count per HPF was found not normally distributed (test for 

normality using Shapiro-Wilk test). Therefore non-parametric analysis was employed. 

Mann-Whitney U test was used for comparison between two groups (independent 

group t-test equivalent). Statistical analysis was performed using GraphPad Prism 

Statistics version 8 (GraphPad Software, Inc., San Diego CA).  
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2.16.8   Code availability 

Customized R functions to assess spatial analyses based (on the x, y coordinates) 

data provided by inForm® software v2.4.2 (Perkin Elmer/Akoya, MA) are available in 

the supplementary material section. The ISAT (Wang, 2018) package is available 

online. The ggplot2 package is available online (Wickham, 2016). 
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Chapter 3 

 

Immunomodulatory effects of renin-angiotensin system inhibitors on T lymphocytes 

in mice with colorectal liver metastases 

 

This chapter aims to investigate the effects of RASi on liver and tumour T lymphocyte 

composition and distribution in a mouse model of colorectal liver metastases.  

 

This chapter is published in the Journal for ImmunoTherapy of cancer, as per the 

following reference:  

 

• Vallejo Ardila, D. L., Walsh, K. A., Fifis, T., Paolini, R., Kastrappis, G., Christophi, 

C., & Perini, M. V. (2020, May). Immunomodulatory effects of renin-angiotensin system 

inhibitors on T lymphocytes in mice with colorectal liver metastases. J Immunother 

Cancer, 8(1). 

 

Due to copyright obligations, the author accepted version of this manuscript is 

presented in Chapter 3 of this thesis.  

 

The copyedited, typeset published version of this manuscript can be found at: 

https://jitc.bmj.com/content/8/1/e000487.info 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://jitc.bmj.com/content/8/1/e000487.info
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Abstract  

Background: It is now recognized that many anti-cancer treatments positively 

modulate an anti-tumor immune response. Clinical and experimental studies have 

shown that inhibitors of the classical Renin Angiotensin System (RAS) reduce tumor 

progression and are associated with better outcomes in patients with colorectal 

cancer. RAS components are expressed by most immune cells and adult 

hematopoietic cells, thus are potential targets for modulating tumor infiltrating 

immune cells and can provide a mechanism of tumor control by RAS inhibitors (RASi).  

 Aim: To investigate the effects of the RASi captopril on tumor T lymphocyte 

distribution in a mouse model of colorectal liver metastases.  

Methods: Liver metastases were established in a mouse model using an autologous 

colorectal cancer cell line. RAS inhibitor (captopril 750mg/kg) or carrier (saline) was 

administered to the mice daily via intraperitoneal injection, from day 1 post-tumor 

induction to endpoint (day 15 or 21 post tumor induction). At the endpoint, tumor 

growth was determined and lymphocyte infiltration and composition in the tumor and 

liver tissues were analyzed by flow cytometry and immunohistochemistry.  

Results: Captopril significantly decreased tumor viability and impaired metastatic 

growth.  Analysis of infiltrating T cells into liver parenchyma and tumor tissues by IHC 

and flow cytometry showed that captopril significantly increased the infiltration of 

CD3+ T cells into both tissues at day 15 following tumor induction. Phenotypic analysis 

of CD45+ CD3+ T cells indicated that the major contributing phenotype to this influx is 

a CD4 and CD8 double negative T cell (DNT) subtype, while CD4+ T cells decreased 

and CD8+ T cells remained unchanged. Captopril treatment also increased the 

expression of checkpoint receptor PD-1 on CD8+ and DNT subsets analyzed.   

Conclusion: Captopril treatment modulates the immune response by increasing the 

infiltration and altering the phenotypic composition of T lymphocytes and may be a 

contributing mechanism for tumor control.  

Keywords: Immunomodulatory, Colorectal Liver Metastases, Renin Angiotensin 

System, T-lymphocyte, and Immunotherapy.  
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3.1 Background 

Colorectal cancer (CRC) is the third most common cancer diagnosis, and it is ranked 

second as cancer-causing death for both sexes combined in the developed world 

(Keum & Giovannucci, 2019). Over half of the patients with CRC will develop 

metastatic liver disease. Subsequently, colorectal liver metastases (CRLM) results in 

death in at least two-thirds of these patients (Tomlinson et al., 2007). Surgical 

resection of CRLM is the only potentially curative treatment and combined with 

chemotherapy can achieve 5-year survival rates of 40 to 60% (Tomlinson et al., 2007; 

Van Cutsem et al., 2014). However, the majority of these patients will develop tumour 

recurrence, most commonly in the liver (Fong et al., 1999). Current research to improve 

this clinical outcome is focusing on identifying reliable prognostic indicators of 

treatment response (Kemeny et al., 2014; B. Y. Zhang et al., 2017), tumours with a high-

risk molecular signature for recurrence (Hanahan & Coussens, 2012), and in 

developing novel strategies to immunomodulate tumour microenvironment  (Mlecnik 

et al., 2016). Established tumours subvert the host anti-tumour immune response 

through several mechanisms, including the accumulation of immunosuppressive 

tumour associated macrophages, myeloid-derived suppressive cells and cancer-

associated fibroblasts. Also, the production of immunosuppressive factors  

influences the infiltration and activation of effector immune cells and the upregulation 

of T cell inhibitory ligands like PD-L1 on the tumour, stromal and immune cells (Xia et 

al., 2019). During the last few years, many different cancer types have proven 

responsive to therapeutic targeting of inhibitory T cells receptors by immune 

checkpoint inhibitors such as ipilimumab (Robert et al., 2011), nivolumab (Borghaei et 

al., 2015) and pembrolizumab (Garon et al., 2015). In the case of CRLM only a small 

subset of patients, those with deficient mismatch repair pathways (dMMR), respond 

to these treatments (Marshall & Djamgoz, 2018). Targeting immunological features 

that promote metastatic growth such as molecules that are pro-inflammatory, pro-

angiogenic, pro-fibrotic, or specific leukocyte subsets that may change in number, 

phenotype, or function in different types of cancer (Affara et al., 2014; Albini et al., 

2018; Smith & Kang, 2013) could tip the balance towards an anti-tumour immune 

response. 
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RASi have shown anti-tumour effects that may have a profound impact in cancer 

therapy (Ager et al., 2008; Neo et al., 2010; Wegman-Ostrosky et al., 2015). The role of 

the various RASi in modulating inflammation (Pacurari et al., 2014) and fibrosis (G. 

Kim et al., 2016; Saber et al., 2018) is well-documented. RAS pathway components are 

expressed by most cells of the innate and adaptive immune system (Haznedaroglu & 

Beyazit, 2013). In vitro studies indicate that RAS signalling modulates the activity of 

various immune cells, however, in vivo studies of cancer immune responses in 

response to RASi are scarce. One study using mouse renal cancer models reported 

that captopril increased tumour growth and inhibited the antigen-specific activation of 

CD8+ and CD4+ T cells while promoting antigen-specific B cells and their infiltration 

into tumours (Wysocki et al., 2006). In contrast studies from this laboratory using 

captopril or angiotensin receptor 1 blockers reported a significant reduction in 

colorectal liver metastases and modulation of tumour-associated macrophages (Ager 

et al., 2008; Neo et al., 2010; Neo et al., 2007; Wen et al., 2013). Supporting these 

findings  Nakamura et al. (2017) demonstrated RASi reduced the immunosuppressive 

activity of TAM, MDSC, and CAF in the TME leading to the induction and tumour 

infiltration of tumour antigen specific T cells (Nakamura et al., 2018). 

In this study, the effects of captopril treatment RASi on T-lymphocyte sub-types, and 

their expression of some activation or inhibitory factors were investigated in a CRC 

liver metastasis mouse model.  

 

3.2 Materials and Methods  

3.2.1 Animals and experimental model of colorectal liver metastasis 

All animal experiments were conducted in accordance with the guidelines set by the 

Austin Hospital animal ethics committee (A2018/05549). Male CBA mice (ARC, Perth) 

were maintained in standard cages with irradiated food and water supplied ad libitum. 

The primary cancer cell line MoCR was derived from a DMH-induced primary colon 

carcinoma in the CBA mouse and maintained in vivo by serial passage in the flanks of 

CBA mice (Kuruppu et al., 1996). For passage and experimentation, subcutaneous 

tumours were teased apart, passed through a filter, treated with EDTA, and washed in 

PBS to make a single-cell suspension. CRLM were induced by intrasplenic injection of 
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5x104 tumour cells followed by splenectomy. Metastases are fully established by 21-

days following tumour induction (Fig. 15A, B).  

3.2.2 Experimental design 

Tissues were collected at days 15 and 21 post tumour induction and used to evaluate 

tumour growth and T cell immune infiltration by immunohistochemistry and 

Fluorescent-activated cell sorting (Fig. 15 A, B). 

3.2.3 Treatment protocol 

Mice received tumour induction and were separated into two groups: control (saline) 

and treatment (captopril). Captopril (pH adjusted to 7.4) was administered daily via 

intraperitoneal injection adjusted to the body weight of each mouse (750mg/kg), from 

day 1 post-tumour induction to the endpoint. Control mice received an equal volume 

of saline. Tumour growth was assessed by stereology on day 15 or 21 following 

tumour induction.  

At each endpoint, animals were terminally anaesthetized, and laparotomy was 

performed, and the abdominal cavity examined for indications of extrahepatic 

metastases, paying close attention to the splenic bed. The liver was carefully perfused 

with 20 ml saline solution, then excised and harvested. Immediately following excision 

liver weights were recorded. Livers were then fixed in formalin (10%) (Sigma Aldrich, 

Castle Hill, NSW, Australia) for 24 hours and then transferred to 70% ethanol.  

3.2.4 Stereology 

Images of the whole liver were taken to examine the tumour distribution and burden 

load. The liver was then transversely sliced into sections of 1.5mm thickness using a 

tissue fractionator. For large livers (saline control) every second slice was sampled 

for analysis. For smaller livers (captopril treated tumours) every slice was taken for 

analysis. Liver slices were placed on a clear plastic plate; a digital camera (Nikon 

Coolpix5000, E500) was used to capture the images, and these were analysed using 

image analysis software (Image Pro Plus, Perth, Australia).  

Tumours were visualized as distinctive white/cream-coloured areas against the 

red/brown liver tissue. Each tumour outline was traced using image analysis software 



65 
 

to determine the area occupied by the tumour. Stereology technique was used to 

determine tumour burden,  

3.2.5 Immunohistochemistry 

Formalin-fixed paraffin tissue sections (4 µm) were used with an indirect peroxidase 

labelling technique (Envision Plus, DAKO, Australia). Following deparaffinization and 

rehydration, endogenous peroxidase activity was blocked with 3% H2O2 and non-

specific binding inhibited with 10% normal goat serum (01-6201 Thermo Fisher 

Scientific).  Heat-induced epitope retrieval was used.  Antigens were visualized by 

immunohistochemical staining using their respective antibodies diluted as follows: 

CD3 1:100 (Clone A0452 DAKO); CD4 1:1000 (4SM95 e-Bioscience); PD-L1 1:500 

(E1L3N, Cell Signalling Technology) and negative controls were stained without the 

corresponding primary antibodies. Following primary antibody treatment, sections 

were incubated with a horseradish peroxidase labelled polymer secondary antibody. 

The antigen-antibody complex was visualized by diaminobenzene (DAB) Peroxidase 

Substrate Solution (DAKO, Australia). The viable tumour was determined by H&E 

staining. 

3.2.6 Image caption and analysis algorithm  

Slides were scanned at 20× magnification (Aperio Scanscope AT Turbo; Leica 

Biosystems). Image analysis software (Aperio ImageScope™) measured the number 

of positive cells within designated areas. Given the size of immune cells, the Positive 

Pixel Count v9 (version 9.1) algorithm was applied as a basis for detecting immune 

marker positivity, with the intensity thresholds adjusted manually to remove 

background artefacts and to account for variable differences in cell size (Hue value 

(centre):0.1; Hue width:0.33 and colour saturation threshold:0.15). CD3+ cell 

distribution between tumour periphery and core was examined at day 15 (Fig.S1A, see 

Supplementary Figures and Tables section, page number 288) and day 21 post-tumour 

induction. The same conditions were applied to measure CD4+ cells at day 15 

(Fig.S1A, see Supplementary Figures and Tables section, page number 288). The 

tumour “periphery” was defined to include approximately an equal length of the 

leading edge of tumour cells and the adjacent stromal interface defined as the inner 

invasive margin. The “core of the tumour” was defined as the total tumour area 
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excluding the periphery. For each of these regions (periphery/leading edge or core), a 

total area up to 100 µm per pixel containing the highest density of IHC+ cells, were 

drawn to encompass these areas. When the inner invasive tumour margin or centre of 

the tumour were smaller than 5 µm per pixel, the positivity of the whole tumour and 

the invasive margin was considered the same. PD-L1 expression was counted in the 

membranous and cytoplasmic tumour region using the same staining intensity 

thresholds (Intensity threshold defined as WEAK: 220-175: MEDIUM: 175-100, 

STRONG: 100-0, and NEGATIVE pixels: -1) (Fig. 17A, D) (Parra et al., 2016). 

3.2.7 Flow cytometry 

At endpoints of 15 days following tumour induction, livers were excised as described 

above and caudate lobes separated for processing for flow cytometry. Tumours were 

macroscopically isolated from liver parenchyma and both tumour and 

macroscopically tumour-free liver were treated with tissue digest medium (0.25 

mg/ml Liberase, Sigma and DNAse, Sigma) at 37 degrees for 40 minutes. Tissues 

were then pushed through a stainless-steel mesh, treated with red blood cell lysis 

buffer, and resuspended in FACS wash buffer (10% BSA/5mM EDTA/ 0.01% sodium 

Azide in PBS PH 7). 1x 106 cells were stained with antibody cocktails directly 

conjugated to fluorochromes (CD45-BV510, CD3-PE, CD8-PECy7, PD-1-APC, CD4-APC-

Cy7 (BD Bioscience) and CD103-FITC (Miltenyi biotech) and the viability dye, DAPI 

(Table S1, see Supplementary Figures and Tables section, page number 298).  Each 

sample was analysed on a FACS CANTO II (BD Biosciences) and data analysed by 

FlowJoTM.  Lymphocytes were identified as alive (DAPI negative), single cells that were 

negative for autofluorescence, CD45 and CD3 positive (Fig.S2A, see Supplementary 

Figures and Tables section, page number 289). FMO controls were used to accurately 

gate CD4 or CD8 positive T cells and then the expression of PD-1 and CD103 on these 

T cell subsets (Fig.S2B, see Supplementary Figures and Tables section, page number 

289), including CD3 positive cells that were expressing neither CD4 nor CD8, termed 

double-negative T cells.  

3.2.8 Statistical analysis  

All datasets are presented as the mean value of each group ± standard error of the 

mean. The correlation matrix was generated using correlation coefficient r (or rs) for 
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each pair of variables: length (µm), area (µm2), tumour margin positivity, tumour core 

positivity and total positivity. A heat map of R2 calculating P values (two-tail) was 

generated. Statistical analysis was conducted using GraphPad Prism® 8.3.0 

(GraphPad Software, Inc., San Diego, CA) using both parametric and non-parametric 

analytical tests as appropriate. All statistical tests were two-sided and a P value of 

0.05 was considered statistically significant.  

3.3 Results  

3.3.1 Captopril inhibits metastatic growth and reduces tumour viability 

The stages of metastatic development of CRLM model has been previously 

characterized (Fig. 15B) (Kuruppu et al., 1996). These experiments confirmed 

previous findings by this laboratory (Connolly et al., 2010), that captopril treatment has 

profound effects over metastatic growth after the metastases were fully established 

by 21 days following tumour induction (Fig. 15C, D). In this study at day 15 endpoint, 

there was a trend in the reduction of tumour load by 3.94% difference. In contrast, liver 

collected at 21 days post-tumour induction from the group treated with captopril, had 

significantly less tumour burden than the control (28.61% difference), (Fig. 15D). In 

this study, we also examined tumour viability as this is a better indication of treatment 

efficacy. Quantitation of live tumour area demonstrates that the percentage of viable 

tumour area in the captopril treatment group was significantly less, compared to the 

control group at 21 days post-tumour induction (Fig.15E, F). Similar to the findings for 

tumour burden, while there is a trend, no significant differences in tumour viability 

could be determined at day 15 (Fig. 15F). Captopril treatment reduced the number of 

metastases although the reduction did not reach significance, and significantly 

reduced the size of metastatic foci. (Fig.S3, see Supplementary Figures and Tables 

section, page number 290). 
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Figure 15. Control of tumour growth and viability by RASi treatment. (A) Liver metastases were 
induced by intrasplenic tumour induction and allowed to develop for 15 and 21 days. Captopril or saline 
control treatment was delivered daily via intraperitoneal injection. At each endpoint, mice were 
terminally anaesthetized, and their livers perfused with saline prior to removal. Most livers were fixed 
and prepared for IHC and stereology, while a small proportion was prepared for flow cytometry, 
including the separation of tumour from the liver tissues. (B) Schematic of tumour growth kinetics 
following tumour induction and daily treatment. (C) Representative livers of each treatment are 
pictured. (D) Livers were fixed, sectioned, and analysed by stereology for % tumour burden of the total 
liver area and (E) Stained with H&E for viable tumour analyses. (F) The proportion of tumour viability. 
Data represents average + SEM of n=5 per group, significance calculated by Student T-test * p<0.05, ** 
p<0.01, and ***p<0.001. 
 

 

 

 



69 
 

3.3.2 Captopril treatment modulates spatial and temporal infiltration of tumour 

Lymphocytes expressing CD3+ and CD4+ 

We used immunohistochemistry to examine changes in CD3+ and CD4+ lymphocytes 

within the tumour tissues due to captopril treatment. Significant increases were seen 

in CD3+ lymphocytes in the treated group at day 15 (Fig. 16A, C). On the other hand, 

CD4+ lymphocytes were significantly decreased at this time point (day15), as seen in 

Fig. 16B and Fig. 16D. Visual examination of the staining shows that lymphocyte 

infiltration tends to accumulate around the intratumoral vessels (Fig. 16A, B). A 

significant increase in the number of CD3+ lymphocytes was observed in both tumour 

margin and intratumoral assessment in the captopril treated group (Fig. 16A). 

Interestingly, both density and distribution of CD3+ tumour infiltrating lymphocytes 

inversely correlates with the area of liver metastases (Fig.S4A, see Supplementary 

Figures and Tables section, page number 290).  While the frequency of CD4+ cells in 

the control group significantly decreased in the same pattern as the CD3+ lymphocytes 

between the two-time points, in the treated group, the CD4+ T cells did not change 

substantially compared to day 15, and in fact, at day 21 the frequency of CD4+ in the 

treated group is relatively higher than day 15, but it is not significantly higher compared 

to that of the control at day 21 (Fig. 16C, D). These results suggest that the increased 

infiltration of CD3+ T cells population at day 15 were clearly not CD4+ T cells and that 

at day 21, these are no longer within the tumour in elevated numbers, giving impetus 

for a thorough investigation of day 15 T-cell phenotype changes induced by captopril 

(Fig. 16).    
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Figure 16. Tumour infiltrating lymphocytes are modulated by RASi. Representative microphotographs 
of histological quantitation of (A) CD3+ lymphocytes and (B) CD4+ lymphocytes in tumour tissues at day 
15 (scale bar 100µm), including mark up for tumour margin (TM) and intratumoral (IT) areas. 
Quantitation of the total area staining positive for (C) CD3+ or (D) CD4+ as an area per mm2 of total 
tumour area, (excluding necrotic areas) for tissues collected at day 15 and day 21. Data n≥5 presented 
as mean ± SEM. Significantly different data represented by * p<0.05, ** p<0.01, and ***p<0.001. 
 

3.3.3 Captopril treatment does not alter the tumour PD-L1 expression 

Using IHC we also investigated whether the tumour in our model expresses PD-L1 (Fig. 

17A) and whether captopril treatment alters tumour PD-L1 expression. While there is 

a strong expression of PD-L1 in the tumour, this expression was not significantly 

altered at any time point due to the treatment (Fig. 17B) and was not tumour size-

dependent (Fig. 17C). No significant difference was found between different 

populations of tumour cells expressing PD-L1 at a different intensity between the 

control group and captopril on day 15 (Fig. 17D).  
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Figure 17. Temporal and spatial PD-L1+ expression in tumour cells. (A) Representative 
microphotographs of IHC PD-L1 staining; original (o) and marked-up (m) at day 15 post-tumour 
induction (black line) (Scale bar = 200 µm). (B) Histological quantitation of PD-L1 expressions at day 
15 and 21 post-tumour induction. (C) Quantitation of the total tumour area staining positive for PD-L1+ 
as an area per mm2 of total tumour area, (excluding necrotic areas) for tissues collected at day 15. (D) 
PD-L1 expression in tumour cells comparison between four levels of staining is shown: weak positive 
(green), positive (orange), strong positive (red), and negative (blue). Datasets expressed as mean ± SEM 
with n ≥ 5 mice. 
 

3.3.4 Captopril treatment differentially modulates T cell subpopulations infiltrating into 

the tumour and liver tissues 

Flow cytometry analysis of dissected tumour tissues was used to identify the 

phenotype and the subpopulations of CD3+ T cells in the tumour that were observed 

by IHC to be modulated by captopril at day 15 (Fig. 18A). We also analysed the T cell 

subpopulation infiltration into liver tissues that had been macroscopically dissected 

from tumours. During liver harvesting, livers were perfused with 20ml of saline to 

remove peripherally circulating lymphocytes from the analysis, thus data represents 

tissue infiltrating cells.  

Flow cytometry analysis confirmed that captopril treatment significantly increased the 

infiltration of CD3+ T cells into the tumour. Interestingly, these changes were also seen 

within the liver parenchyma (Fig. 18B) indicating that CD3+ T cells, trafficking from 
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circulation and/or dividing within the tissue in both liver and tumour, are affected by 

captopril. 

The phenotype of CD3+ T cells was examined in terms of the proportion of these cells 

expressing CD8, CD4 and those expressing neither CD8 nor CD4, termed DNT (Fig. 

18C, D) and found to be differentially modulated by captopril.  Both in the tumour and 

liver tissues, there is a decrease in the proportion of CD4+ and an increase in the 

proportion of DNT. On the other hand, there is an increased proportion of CD8+ T cells 

in the tumour while in the liver this subpopulation decreases (Fig. 18C, D).  

When considering these populations as a proportion of total leukocytes (CD45+) in 

these tissues we find that in the liver captopril treatment does not change either CD4+ 

or CD8+ subpopulations, whereas the DNT population is significantly increased (Fig. 

18E). In the tumour, we also see a decrease in the CD4+ population while the CD8+ and 

DNT subpopulations significantly increase (Fig. 18F).  This may indicate that in the 

liver tissue the increase in CD3+ T cells induced by captopril is due to the infiltration of 

DNT cells. Within the tumour, however, the changes induced by captopril are more 

complex and may reflect changes in the TME that affects the ability of each 

subpopulation to exist there.    
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Figure 18. RASi differentially alters the proportions of CD3+ subpopulations of lymphocytes in the liver 
and tumour. (A) Gating strategy for analysis of CD3+CD4+, CD3+CD8+ and CD4-CD8-. (B) Quantitation of 
the proportion of CD3+ lymphocytes as a proportion of total CD45+ leukocytes in the liver and tumour. 
The proportion (%) of CD3+ lymphocytes expressing CD4, CD8 and those negative for both CD4 and CD8 
(CD4-CD8-) in (C) liver and (D) tumour.  The proportion of each subpopulation within the total CD45+ 

leukocyte population in (E) liver and (F) tumour. Data n≥5 presented as mean ± SEM. Significantly 
different data represented by * p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001.  
 

3.3.5 Captopril treatment differentially modulates the activation of T cell subtypes in the 

tumour and liver tissues 

To investigate changes in the activation state of the CD3+ T cell subtypes the cells 

were also stained for expression of PD-1, an inhibitory receptor upregulated following 

T cell activation by cognate antigen and is specific for checkpoint ligand PD-L1. 

Captopril treatment increased the proportion of CD8 and DNT cells subpopulations 

expressing PD-1 in both liver and tumour (Fig. 19A, B).  
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When considering these activated populations as a proportion of total leukocytes 

(CD45+) in these tissues we find that in the liver and tumour tissues captopril 

treatment again increases activated CD8 and DNT cells, however in the tumour the 

proportion of total leukocytes that are activated CD4 significantly decreases.  (Fig. 

19C, D). This may indicate a role for captopril in activation of CD8 and DNT, but also 

in suppressing the activation of CD4 T cells within the tumour.  

We further investigated the proportion of CD8+ T cells expressing CD103 to delineate 

the effect of captopril on the tissue-resident CD8+ T cell population. The percentage 

of CD8+ T cells expressing CD103 was significantly reduced in both liver and tumour 

tissues in the treated group (Fig. 19E). However, within the total leukocyte population, 

the proportion of CD8+ CD103+ T cells was significantly increased in tumour and was 

not affected in the liver (Fig. 19F).    

This suggests a potential mechanism of how captopril may control tumour growth by 

improving the cytotoxic T cell response.  
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Figure 19. RASi differentially changes the proportions of CD3+ subpopulations expressing PD1+ and 
tissue-resident CD8+ lymphocytes in the liver and tumour. Quantitation of the proportion of each CD3+ 
subpopulation expressing PD1 in (A) liver and (B) tumour. The percentage of PD1+ lymphocyte 
subpopulations as a proportion of total CD45+ leukocytes in (C) liver and (D) tumour. (E) The proportion 
of CD8+ lymphocytes expressing tissue-resident marker CD103 in liver and tumour. (F) The percentage 
of CD103+ CD8+ lymphocytes as a proportion of total CD45+ leukocytes in the liver and tumour. Data 
n≥5 presented as mean ± SEM. Significantly different data represented by * p<0.05, ** p<0.01, 
***p<0.001, ****p<0.0001.  
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3.4 Discussion  

 

Numerous retrospective clinical studies acknowledge the significant improvement in 

overall survival, progression-free survival, and disease-free survival in cancer patients 

using RASi as an antihypertensive medication (Sun et al., 2017). There is a clear 

upregulation of the RAS component, AT1R within the adenoma-colorectal-liver 

metastasis axis (Beitia et al., 2019; Zhou et al., 2014). Experimental and clinical 

studies over the last decade indicate that RASi impair tumour progression through 

modulation of the tumour vasculature (Carbajo-Lozoya et al., 2012; Shirotake et al., 

2011), and tumour desmoplasia (Diop-Frimpong et al., 2011), however, its role in 

tumour immunoregulation is not yet clear. Almost all immune cells express 

components of the RAS pathway and several studies implicate a role for RAS in 

immune dysregulation in several chronic and autoimmune diseases (Capettini et al., 

2012). Our previous findings show that the RASi, captopril, reduced tumour 

inflammation (Neo et al., 2010) and temporally modified the frequency of tumour-

associated macrophages within the tumour microenvironment (Wen et al., 2013). 

Additionally, macrophage depletion experiments show that TAMs are important for 

RASi control of tumour (Wen et al., 2013). 

In this study, we investigated the temporal dynamic changes of specific T-lymphocyte 

subpopulations, in response to captopril treatment and their trafficking patterns into 

the liver and tumour tissues. Captopril treatment significantly and temporally 

increased CD3+ T-lymphocyte infiltration both into the tumour and the liver. This 

finding suggests that increased infiltration of T cells into the tumour may have a role 

in the observed tumour inhibition as clinical studies report a positive correlation 

between tumour lymphocyte density and survival outcome (Galon et al., 2006). The 

greatest observed changes were seen at day 15 post tumour induction, possibly 

reflecting a timely development of anti-tumour responses and the effect of the 

captopril treatment. By day 21 the infiltration decreased and the significance of this is 

not clear as the subpopulation composition was not analysed at this time point.  RASi 

reduces the immunosuppressive TME by altering the activity of TAM, MDSC and CAF 

(Nakamura et al., 2018)  and this may account, at least in part, for the increase in CD3+ 

T-lymphocyte infiltration observed in this study.  
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In these experiments, the effect of RASi on the infiltration of T cell subtypes appears 

specific and possibly local to tumour affected tissues. It is important to note that the 

T cells infiltrating the liver may provide a substantial pool, along with those from the 

peripheral circulation that would be infiltrating the tumour. Remarkably, we found the 

inhibition of RAS markedly attenuated tumour infiltrating CD4+ T cells. AT1R 

stimulation has been shown to play a role in the differentiation of CD4+ T cells into Th1 

cell through the modulation of proteasome function, thus RASi may inhibit this 

mechanism of CD4 T cell antigen mediated activation (Qin et al., 2018).  The 

proportion of activated circulating CD4+ T-cells may have been diminished as a result 

of reduced Ang II, therefore trafficking into the liver and tumour was profoundly 

affected, as it was reported during deoxycorticosterone acetate (DOCA)-salt 

hypertension (Vinh et al., 2010). 

RASi appears to not have a selective effect on the infiltration of CD8 T cells into the 

liver, however the significant increase in CD8+ lymphocytes into the tumour, 

particularly those that are identified as tissue-resident (CD103+) and PD-1 positive may 

indicate a recently activated tumour specific cytotoxic T cell population. Studies 

reported a positive correlation between CD8+ infiltrating lymphocytes and control of 

tumour growth (Beyrend et al., 2019). Additionally, the intratumoral presence of T cells 

expressing the integrin CD103 has been strongly correlated with a favourable 

prognosis for cancer patients (Dumauthioz et al., 2018), independently of the 

infiltration of CD8+ T cells (Topham & Reilly, 2018). Moreover, TRM express immune 

checkpoint molecules, which may be a potential surrogate marker of response to 

immunotherapy as they could expand early during anti-PD1 treatment (Webb et al., 

2014).  

Unexpectedly, the most responsive subpopulation of immune cells to captopril 

treatment was the DNT cells.  CD3+ lymphocytes that do not express CD4 and CD8 

may include TCR alpha/beta (TcRαβ+) and TCR gamma/delta (TcRγδ+), however, at 

this stage, we have not identified what is the type of our CD3+ DNT cells.  DNT cells 

represent only a small fraction of the total peripheral lymphocyte composition (1-3%) 

in healthy subjects (Fischer et al., 2005). However, they are reported to increase in 

certain diseases with context-specific immune roles such as immune-inflammatory 

and disease exacerbating  activities in autoimmune diseases (Hillhouse & Lesage, 



78 
 

2013) to anti-inflammatory (Martina et al., 2016) or pro-inflammatory roles in tissue 

injury and ischemia (Meng et al., 2019).  

Interestingly, DNT cells have been reported to be present in several solid cancers 

(melanoma, RCC, and glioblastoma) and to increase upon treatment (Greenplate et al., 

2019). The phenotypes of these cells are cancer-specific and distinct from that of 

resting DNT, but closely resembling DNT in other cancer types and across species 

(Greenplate et al., 2019).  Furthermore, they positively correlate with treatment 

outcome, in concordance with the findings in this study (Greenplate et al., 2019). DNT 

cells have been previously reported to contribute to anti-melanoma immunity (De 

Tullio et al., 2015). In addition, this immunomodulatory effect is congruent with the 

reduced frequency of CD4+ T-cells subpopulation as double-negative T cells have been 

shown to suppress metabolic activation of CD4+ T cell (Haug et al., 2019) and could 

account for the CD4+ T cell reduction in this study. Nevertheless, the contribution of 

DNTs to antitumour immunity has only begun to be considered.  

In the meantime, cancer immunotherapy strategies have mainly focused on 

modulating the function of infiltrating CD8+ and CD4+ lymphocytes. The presence and 

quality of the immune cell infiltrate of the tumour has been shown to be of prognostic 

potential for the response of different tumours to immunotherapies, regardless of  

tumour stage (Galon et al., 2006).  However, when PD-L1 blockers are used, a selective 

expansion of tumour infiltrating CD4+ and CD8+ T cells expressing both activating 

(ICOS) and inhibitory (LAG-3, PD-1) molecules is seen (Beyrend et al., 2019). 

This study showed significant upregulation in PD-1 expression on both the CD8 and 

DNT tumour infiltrating cells in the captopril treated mice. A recent study reported that 

DNT cell infusion in combination with anti-PD1 resulted in increased DNT cell-

mediated anti-tumour activity during in vivo treatment of lung cancer (Fang et al., 

2019). Nakamura et al, in the only other in vivo study on the RASi immunoregulatory 

effects, report that RASi in combination with PD-L1 inhibitors improve the effect on 

tumour inhibition. The increase of lymphocyte populations expressing PD-1 within the 

RASi treated tumours, as seen in our study, opens up an opportunity to combine RASi 

with a combination of checkpoint inhibitor treatments that may able to increase the 

efficacy and durability of the anti-tumour response (Beyrend et al., 2019).  



79 
 

Humans and outbred animal species display wide variability in the anti-tumour 

immune responses and drug treatments. In addition to the genetic contribution, 

numerous studies report a strong sexual dimorphism in immune responses (Capone 

et al., 2018). Furthermore, studies also indicate that some components of the RAS 

pathway display a sex-biased differential expression in certain tissues, hence 

inequality between the sexes response to RASi treatments can be induced (Sullivan, 

2008). This study used inbred single strain male mice to overcome genetic and sexual 

dimorphism variabilities. However immune responses to RASi treatments for CRLM 

need to be investigated in additional animal models of both genders and clinical 

studies. Elucidation of genetic and gender differences to RASi response will 

further define the appropriate patient cohort thus tailoring treatment to those likely to 

benefit. 

 

3.5 Conclusion  

 

This study described the immunomodulatory effect of RASi using captopril comparing 

an early and a later stage of tumour development. Treatment significantly increased 

the infiltration of CD3+ T cells into the liver and tumour and altered the phenotypic 

composition of infiltrating CD4+ and CD8+ T cells, and double-negative T cells. 

Additionally, captopril treatment increased the expression of checkpoint receptor PD-

1 on the CD8+ and DNT cells. The significance of these changes needs to be further 

characterized, especially the identity and function of the DNT cell population.  
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Chapter 4 

 

The effects of Angiotensin-converting enzyme inhibitors on myeloid cells in mice 

with colorectal liver metastases 

 

This chapter aims to investigate the effects of ACEi on liver and tumour myeloid cell 

composition and distribution in a mouse model of colorectal liver metastases.  

 

This chapter is presented as a regular thesis chapter which includes unpublished 
results.  
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THE EFFECTS OF ANGIOTENSIN-CONVERTING 
ENZYME  INHIBITORS ON MYELOID CELLS IN 
MICE WITH COLORECTAL LIVER METASTASIS 
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4.1 Introduction  

 

The development of liver metastases (LM) microenvironment encompasses two 

stages of recruitment of nonparenchymal cells, one that is triggered in the 

“premetastatic niche” by the circulating secreted factors of the primary tumour, and 

the other during the post metastatic invasion upon entry of tumour cells into the liver 

(Brodt, 2016). The biological function, phenotype, and development of non-

parenchymal cells recruited during the early stages of metastatic growth in LM, 

including MDSC and KC, remains a current topic of investigation (Milette et al., 2017). 

Accumulating evidence supports the potential therapeutic benefit of targeting these 

myeloid subpopulations to impair tumour progression (G. Wang et al., 2016) and to 

improve response to current cancer immunotherapies (Fleming et al., 2018).  

MDSC encompasses a large heterogeneous population of myeloid precursor cells of 

the macrophages (MΦ), DCs and granulocytes (Laoui et al., 2016). Myeloid-derived 

populations have been characterized with an immunosuppressive role not only in 

tumour growth (Fleming et al., 2018) but also in chronic inflammatory pathologies 

(Sendo et al., 2018), infectious diseases (Dorhoi & Du Plessis, 2017), autoimmune 

diseases (Boros et al., 2016) and organ transplantation (Ochando et al., 2019). In mice, 

MDSC have been identified by the co-expression of surface markers such as CD11b 

and Gr1 (Gabrilovich et al., 2001). Subsequently, they have been subclassified 

according to the expression level of Ly6C (Youn & Gabrilovich, 2010) into, Ly6Chigh or 

monocytic-like (M-MDSCs) and Ly6Clow or granulocytic-like morphology (G-MDSCs) 

(Tcyganov et al., 2018). The phenotype displayed by M-MDSCs is CD11b+Ly6G-

Ly6Chigh, whereas the phenotype of G-MDSCs is CD11b+Ly6G+Ly6Clow (Fleming et al., 

1993; Youn et al., 2008). The suppressing capability of MDSCs over effective T-cell 

cytotoxic response and T- regulatory development is linked to their origin and 

maturation status (Medina-Echeverz et al., 2015). 

The expression of markers such CD31 (or Platelet Endothelial Cell Adhesion Molecule-

1 [PECAM-1]) (Angulo et al., 2000; Bronte et al., 2000) and Major Histocompatibility 

Complex class II (MHC II) defines MDSCs as immature progenitors and myeloid blast 

cells (Angulo et al., 2000). In addition, the production of granulocyte colony-

stimulating factor in the bone marrow stimulates the production of CD11b+Gr1+CD31+ 
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and the migration of immature CD11b+Gr1+ cells to secondary lymphoid organs 

(Kusmartsev & Gabrilovich, 2006). Moreover, CD31 expression has been described in 

DCs as a coinhibitory receptor that impacts the immunogenic maturation and 

migration of resident DCs to the draining lymph nodes (Clement et al., 2014). A more 

recent study found that conventional flow-cytometry gating strategies for identifying 

monocyte-derived MΦ, particularly KC, have included CD31high endothelial cells 

causing a bias for cell type and contamination (Lynch et al., 2018). Therefore, the 

assessment of the expression of CD31 may be a simple method for exclusion for the 

preparation of hepatic leukocytes for FACS (Lynch et al., 2018).   

MDSCs can be phenotypically and functionally distinct depending on whether they are 

localized at a primary or secondary lymphoid organ (Gabrilovich et al., 2012), within 

the tumour itself (Zhao et al., 2016) or expanding in the liver (Connolly et al., 2010). 

For instance, a significant accumulation of CD11b+Gr1inter Ly6Chigh CD31high was 

described in the liver of mice with intra-abdominal cancer, which also showed a low 

expression of Ly6G and MHC II (Connolly et al., 2010). Furthermore, the role of these 

distinct populations as metastases-enabling myeloid cells in the liver of mice 

harbouring invasive and pre-invasive intra-abdominal tumour has been demonstrated 

using models of early preinvasive pancreatic neoplasia and advanced CRC (Connolly 

et al., 2010). That study compared CD11b+Gr1+ cells from distinct tissue origin, 

including liver, spleen, bone marrow and tumour, uncovering that hepatic 

CD11b+Gr1+cells expressed high levels of Ly6C, but low Ly6G compared with MDSC 

populations in other tissues. Likewise, they express low MHC I and MHC II but high 

CD31, F4/80, and CD195 than the spleen (Connolly et al., 2010). Furthermore, in mice 

with intraperitoneal MCA38 tumour, hepatic CD11b+Gr1+cells comprised a 

significantly higher portion of CD11b+Gr1inter cells than the spleen, bone marrow, or 

tumour associated CD11b+Gr1+cells (Connolly et al., 2010). Another relevant aspect is 

the retention of tumour-induced MDSC by the liver (Medina-Echeverz et al., 2015). 

After effectively depleting this population from the tumour and the periphery in tumour 

bearing models, the liver showed a replenished effect within 24 hours (Ma et al., 2012). 

These findings were consistent with MDSCs cells being substituted with newly 

generated precursor cells, either from the BM or peripheral haematopoiesis sites (Ma 

et al., 2012).  
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The detrimental influence of MDSCs after disabling KC and natural killer immunity (Li 

et al., 2009) also corroborates the variety of mechanisms by which they deceive the 

hepatic immune surveillance mechanism (Ilkovitch & Lopez, 2009). The KC population 

represents 10% of all liver cells, which replenish from circulating monocytes in a 

monocyte colony-stimulating factor-dependent manner (Yona et al., 2013). This 

population's role is context-specific, which means that targeting KC as a potential 

candidate for cancer immunotherapy relies on its effect to prevent the premetastatic 

niche formation and enhance its antitumour activity before the establishment of 

metastases (Milette et al., 2017). Additionally, CD11blowF4/80high MΦ can be recruited 

to the tumour site and become tumour-associated macrophages (TAMs) 

(Beltraminelli & De Palma, 2020). Current immunotherapy aims to reprogram M2-type 

MΦ from a pro-tumour state of activation to an M1-type MΦ or anti-inflammatory 

(Mantovani et al., 2002) to overcome their immunotolerance activity (Beltraminelli & 

De Palma, 2020) by exploiting MΦ expression of both ligands for PD-1 (B7H4, PD-L1, 

PD-L2) and CTLA-4 (B7-1 and B7-2) (Cortese et al., 2019). However, distinct MΦ types 

are linked to particular prognostic behaviour, which still needs to be better understood 

(Cortese et al., 2019). Research from our laboratory had previously shown that ACEi 

effectively altered the frequency of KC in the MoCR-CLM mouse model (Wen et al., 

2013). Captopril reduces CLM growth via immunomodulatory effects of KC at the early 

stage of LM development by increasing KC infiltration in the tumour-bearing liver, 

which may be associated with distinct functions within the growing tumour (Wen et 

al., 2013). 

ACE activity is known to be involved in the proliferation, differentiation, and maturation 

of MΦ (Shen et al., 2014) and DCs (Meng et al., 2017). ACE overexpression in 

myelomonocytic cells promoted differentiation and reduced the expansion of the M-

MDSC population in blood and spleen in a mouse model of lung metastasis (Shen et 

al., 2014). Comparably, Angiotensin II promoted the maturation and migration of DCs, 

while their ability to proliferate was inhibited in the context of inflammatory disorders 

(Meng et al., 2017). 

In this chapter, the effects of captopril treatment (RASi) on hepatic myeloid cells and 

tumour infiltrating myeloid subpopulations and their expression of some inhibitory 

factors were characterized in a CLM mouse model. 
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4.2 Methods 

In this study, tumour metastases were established using the MoCR mouse model, and 

the captopril treatment protocol was administered as described in Chapter 2 

(Treatment protocol page number 27-28 ). At the early angiogenic stage (endpoint day 

15), CD11b+ and CD11c+ cells distribution was examined within the tumour periphery 

and the total area of the tumour and their distribution in the inguinal lymph nodes using 

IHC. Besides, F4/80+  cell spatial and temporal distribution was assessed at day 15 

and day 21 post-tumour induction using IHC. mIHC staining procedures of CD11c+ and 

CD8α+ are also fully described in Chapter 2 (Multiplex IHC staining of Mouse liver and 

tumour tissues, page numbers 45-48). 

Using the Image analysis software (Aperio ImageScope™), the Positive Pixel Count v9 

(version 9.1) algorithm was applied as a basis for detecting immune marker positivity, 

with the intensity thresholds adjusted manually to remove background artefacts as 

follows: WEAK pixels (yellow colour): 220-175, MEDIUM pixels (orange colour): 175-

100, STRONG pixels (red colour): 100-0, and NEGATIVE pixels (blue colour): -1, as 

described in Chapter 2 (Image caption and analysis algorithm, page numbers 33-34 ). 

At day 15 endpoint, livers were excised as described in Chapter 2, and caudate lobes 

separated for processing for flow cytometry using the optimized diluted antibody 

cocktails directly conjugated to the following fluorochromes: CD45-BV510, F4/80-

FITC, CD11b- APC-Cy7, Ly6C-PE, CD31-APC, CD274/PDL1, and the viability dye, DAPI,  

as described in Table 2. FACS of dissected liver and tumour tissue cell preparations 

were used to identify the phenotype of KC, MΦ, TAM and M-MDSC, also to investigate 

changes in their state of activation. The specific antibodies used, the staining 

procedures, image analysis and quantitation, FACs protocol and dimensionality 

reduction analysis are also fully described in Chapter 2 (Flow cytometry procedure 

and dimensionality reduction analysis, page numbers 36-42 ). 

 

4.2.1 Statistical analysis  

Statistical analysis was conducted using GraphPad Prism® 8.3.0 (GraphPad 

Software, Inc., San Diego, CA) using both parametric and non-parametric analytical 

tests as appropriate. The data was not normally distributed (test for normality using 
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Shapiro-Wilk test); therefore, non-parametric analysis was employed. Mann-Whitney U 

test was used for comparison between two groups (independent group t-test 

equivalent). All datasets are presented as the mean value of each group ± standard 

error of the mean. Statistical significance determined using the Holm-Sidak method, 

with alpha= 0.05. FACS datasets were analysed with FlowJo™ software. The t-SNE 

analysis was performed using the FlowJo™ v10.7. 

 

4.3 Results 

4.3.1 Captopril treatment subtly modifies the liver or tumour expression of myeloid 

populations identified with CD11b and CD11c markers   

We used IHC to examine changes in CD11b+ and CD11c+ hepatic myeloid populations 

(Fig. 20A-D) within the total area of the tumour (TAT) tissues (Fig.  20E-H) and the 

invasive tumour margin (IM) due to captopril treatment (Fig.  20I-J). Captopril 

treatment reduced the number of CD11b+ cells in the liver, but it did not reach 

significance. The opposite effect was observed for the hepatic CD11c+ cell population 

on day 15 (Fig. 20C, D). The results show that both CD11b+ (Fig. 20E, G) and CD11c+ 

(Fig. 20F, H) populations increased in the captopril treated tumours compared to 

saline, particularly CD11c+ cells showed a strong trend of accumulation within TAT 

(Fig. 20 H) and the IM (Fig. 20I, J), but no significant difference was reached in the 

intensity of expression for either of these markers. The findings suggest that after 

measuring CD11b+ (Fig.S5A, C, E; see Supplementary Figures and Tables section, 

page number 291) and CD11c+ (Fig.S5B, D, F; see Supplementary Figures and Tables 

section, page number 291) populations, no differences were found between weak 

positive cells, intermediate positive cells, and strong positive cells in TAT tissues 

(Fig.S5C, D; see Supplementary Figures and Tables section, page number 291) and 

the IM (Fig.S5 E, F; see Supplementary Figures and Tables section, page number 291) 

between in the captopril treated tumours compared to saline.  
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Figure 20. The effect of RASi on CD11b and CD11c populations in the liver and tumour tissues. 
Representative microphotographs of IHC marked-up of (A) CD11b+ and (B) CD11c+ in the liver at day 
15 post-tumour induction (scale bar 100μm). Quantitation of the total area staining positive for (C) 
CD11b+ and (D) CD11c+ as an area per mm2 of total liver area. Representative microphotographs of IHC 
marked-up total tumour area (red line) of (E) CD11b+ and (F) CD11c+ and invasive tumour margin (TM) 
(green line) (scale bar = 100 µm measured from the edge of the tumour in direction to the core). 
Quantitation of the total tumour area staining positive for (G) CD11b+ and (H) CD11c+ as an area per 
mm2 of the total tumour area and the invasive margin positivity per mm2 for (I) CD11b+ and (J) CD11c+. 
Datasets expressed as mean ± SEM with n ≥ 5 mice. Significantly different data annotated. 
 

CD11c is typically used to define myeloid DCs. The changes induced by captopril on 

CD11c+ cells are likely to reflect an accumulation of DCs within the tumour, which 

prompted us to investigate further their phenotype. When developing the DCs Ab 

panel, we found no cell-specific markers available for DCs; therefore, we used a 

multimarker such as CD8α expressed in both CD8+ T cells and DCs (Sorrelle et al., 

2019). The expression of CD8α on DC has been attributed to their maturation status 

(Traver et al., 2000), their capacity to promote the cytotoxic T cell responses in the 

tumour (den Haan et al., 2000; Hildner et al., 2008) and to present exogenous antigens 

on their MHC class I molecules (Schnorrer et al., 2006). The cell densities of CD11c 

and CD8α were measured using mIHC (Fig. 21A, B). A negligible level co-expression 

of CD8α+ on CD11c+ was found within the tumour (Fig. 21C, D). Also, there was no 

significant difference in the CD11c+ given the wide range of expression in the control 

group (Fig. 21 E, F) and CD8α+ (Fig. 21 G, H) cell density within the tumour region in 

the captopril treated group compared to the control at day 15 (Fig. 21I).  
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Figure 21. The cell density of CD11c+ and CD8α+ in the tumour region. Composite images of CD11c in 
green, CD8α in red and DAPI in blue were captured using Vectra® and analysed on inForm® of (A) the 
control and (B) captopril treated group. Phenotype scoring of CD11c+ in green, CD8α+ in red, 
CD11c+CD8α+ in yellow and DAPI in blue was performed as shown in the phenotype map of (C) control 
and (D) captopril. Single staining of CD11c was examined in (E) the control and (F) captopril treated 
group; CD8α single staining was examined in (G) the control and (H) captopril treated group using 
pathology view analysis (I) Cell count per high power field (HPF) of CD11c and CD8α.  Datasets 
expressed as mean ± SEM with n ≥ 5 mice for each group. Significantly different data annotated. 
 

We also examined the effects of captopril treatment on the CD11b+ and CD11c+ cell 

populations in the lymph nodes localized in the inguinal region, which have been 

reported to have a similar structure and myeloid cell composition compared to liver-

draining lymph nodes such as the portal and celiac lymph node in mice at steady state 

(Zheng et al., 2013). The size of the inguinal lymph node can vary between a control 

mouse  (2.32 ± 0.71mm2) and a tumour bearing mouse model (3.53 ± 0.84 mm2) 

(Zhang et al., 2013). After visual examination of the tumour, inguinal lymph nodes 

show that the total area of the lymph nodes (Fig. 22A,B) and their cellular density was 

significantly reduced in the captopril treated group (Fig. 22C-F). However, the 

densities of CD11b+ (Fig. 22C) and CD11c+ cells (Fig. 22D) were significantly 

increased at day 15 in the captopril treated group (Fig. 22E, F). These results suggest 

that the effect of captopril on such heterogeneous cell populations requires a 

thorough investigation of phenotypic changes on myeloid-monocytic subpopulations 

induced by captopril on day 15, hence the expression of  F4/80 to identify MΦ, KC, and 

TAMs was assessed. In contrast, the expression levels of Ly6C were measured to 

identify the MDSC subpopulation.  
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Figure 22. The effect of captopril on inguinal lymph node morphology and CD11b and CD11c 
populations. Representative microphotographs of whole inguinal lymph node of (A) saline and captopril 
treated group at day 15. (B) Quantitation of the total area (mm2) of the whole inguinal lymph node 
comparing the saline and captopril treated groups. Representative microphotographs of IHC marked-
up of (C) CD11b+ and (D) CD11c+ in the inguinal lymph nodes at day 15 post-tumour induction. 
Quantitation of the total area staining positive for (E) CD11b+ and (F) CD11c+ as an area per mm2 total 
lymph node area. Data n≥5 presented as mean ± SEM. Significantly different data represented by * 
p<0.05 and ** p<0.01. 
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4.3.2 Captopril treatment modulates the spatial and temporal distribution of F4/80+ 

macrophages in the liver and tumour 

Using IHC, we investigated whether cell density and distribution of F4/80+ including 

MΦ, KC, and TAMs, would be influenced by captopril during the development of LM by 

comparing between endpoint day 15 (“early angiogenic stage”) (Fig. 23A) and day 21 

(“exponential metastatic growth stage”) (Fig. 23B). Interestingly, both cell density and 

temporal changes of F4/80+ MΦ and KC were shown in the liver. No significant change 

was observed in the hepatic F4/80+ at day 15 (Fig. 23C), whereas F4/80+ MΦ and KC 

were markedly reduced in the captopril treated group compared to saline at day 21 

(Fig. 23D). An inversed relationship between the density of F4/80+ in liver and time 

indicates that captopril maintains a similar number of F4/80+ MΦ and KC over time, 

whereas in the saline group, a significant accumulation of F4/80+ MΦ and KC is shown 

when comparing endpoint day 15 and day 21 (p=0.011) (Fig. 23E). 
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Figure 23. Temporal changes of F4/80+ expression in the adjacent liver parenchyma. Representative 
microphotographs of IHC F4/80 staining (A) at day 15 and (B) day 21 post-tumour induction in the liver 
area (black arrow showing an F4/80+ cell; (Scale bar = 100 µm). Histological quantitation of F4/80 
expression in the liver (C) at day 15 and (D) 21 post-tumour induction. (E) The total area of the liver 
staining positive for F4/80+ as an area per mm2 for tissues collected at day 15 and day 21. Datasets 
expressed as mean ± SEM with n ≥ 5 mice. Significantly different data represented by * p<0.05.  
 

At both endpoints, the density of TAMs was increased in the captopril group compared 

to the saline group (Fig. 24A-B). However, F4/80+ TAMs distributed in the TAT did not 

reach significance at day 15 (Fig. 24C). Instead, a strong trend of F4/80+ TAMs 

accumulated in the TAT in the captopril treated group at day 21 (p=0.059) (Fig. 24D). 

There was no significant difference in the F4/80+ TAMs distributed in the IM at day 15 
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(Fig. 24E), whereas they significantly increased in the captopril treated group when 

compared to saline at day 21 (p=0.03) (Fig. 24F).  

Contrary to the temporal dynamic effect of captopril on MΦ in the liver, TAMs showed 

a trend of a marked reduction in the captopril group compared to saline. However, it 

did not reach significance (Fig. 24G). The level of intensity of expression of F4/80+ 

was investigated in the TAT, and no significant differences were noticed between 

weak positive cells, intermediate positive cells, and strong positive cells at day 15 

(Fig.S6A; see Supplementary Figures and Tables section, page number 292) and day 

21 (Fig.S6B; see Supplementary Figures and Tables section, page number 292) 

between captopril treated tumours compared to saline. 
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Figure 24. Temporal and spatial changes of F4/80+ expression in the tumour. Representative 
microphotographs of IHC F4/80 staining (A) at day 15 and (B) day 21 post-tumour induction (black 
arrow showing an F4/80+ cell) (Scale bar = 100 µm measured from the edge of the tumour in direction 
to the core). (C) Quantitation of the total tumour area staining positive for F4/80 as an area per mm2 of 
total tumour area (red line) for tissues collected at day 15 and (D) day 21. Quantitation of the total 
tumour area staining positive for F4/80 as an area per mm2 of the invasive tumour margin area (green 
line) for tissues collected at (E) day 15 and (F) day 21. (G) The total area of the tumour staining positive 
for F4/80+ as an area per mm2 (excluding necrotic areas) for tissues collected at day 15 and day 21. 
Datasets expressed as mean ± SEM with n ≥ 5 mice. Significantly different data represented by * p<0.05. 
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4.3.3 Captopril treatment differentially modulates myeloid cell subpopulations 

expressing CD31 into the tumour and liver tissues 

FACS was used to examine further the phenotype of myeloid cell subpopulations in 

the liver and tumour that were observed to be modulated by captopril on day 15 (Fig. 

25A). The flow-cytometry gating strategy shows CD11b positive myeloid cells gated 

on CD45 (leukocytes). FMO controls were used to gate CD31 on the CD45+CD11b+ 

myeloid population accurately. Then F4/80 cells were gated on CD31 myeloid subsets. 

Ly6C expression was gated on F4/80 - subset, while PDL1 positive cells were gated on 

F4/80+ (Figure 10).  

FACS confirmed that the percentage of total myeloid cells (CD11b+CD45+) was 

significantly decreased in the liver parenchyma due to captopril treatment (p= 0.046), 

while no significant change was found in this population within the tumour (Fig. 25 A, 

B). In addition, the distribution of CD31+ and CD31- on myeloid cells between the liver 

and the tumour may provide insights into the influence of captopril over the 

replenishment of the tumour by myeloid cells present in the liver. Hence, the overall 

frequency of CD31+ myeloid cells was investigated (Fig. 25C), which indicated that 

there was a significant decrease in the captopril treated group (p=0.002) when 

comparing between the frequency of the liver and the tumour, while there is no change 

in the saline group (Fig. 25D, upper panel). In the case of CD31- myeloid cells, captopril 

does not alter their frequency, whereas there is a marked difference when comparing 

their frequencies in the liver and the tumour in the saline group (p=0.00007) (Fig. 25D, 

lower panel). Overall, captopril diminished the frequency of myeloid cells 

(CD45+CD11b+) in the liver, in which the expression of CD31 does not appear to be 

altered significantly compared to saline (Fig. 25E). Furthermore, these findings 

suggest that even if there was no change in the overall frequency of myeloid cells 

within the tumour, captopril decreases the number of CD31+ myeloid cells within the 

tumour (≈50% less than the saline group) (p= 0.04), while the CD31-  myeloid subset 

was significantly increased (p= 0.01) (Fig. 25F). 
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Figure 25. RASi differentially alters the proportions of CD11b+ populations in the liver and the tumour. 
(A) Gating strategy for analysis of myeloid cell population (CD11b+CD45+), and (B) quantitation of the 
proportion CD11b+ myeloid cells as a proportion of total CD45+ leukocytes in the liver and tumour 
tissues treated with captopril and saline at day 15. (C) Gating strategy for analysis of CD31 expression 
on myeloid cells (CD11b+CD45+) and (D) distribution of the proportion of CD31+ and CD31- expression 
in myeloid populations as a proportion of total myeloid cells in the liver and tumour at day 15. 
Quantitation of the proportion of CD31+ and CD31- expression in (E) the liver and (F) tumour. Data n≥5 
presented as mean ± SEM. Significantly different data represented by * p<0.05 and ****p<0.0001. 
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4.3.4 Captopril treatment decreases the proportion CD31+F4/80- subpopulation within 

the tumour 

The changes in the proportion of CD31+ (Fig. 26A, B) and CD31- (Fig. 26C, D) myeloid 

cells were further investigated based on the expression levels of F4/80 and their 

distribution within the liver and the tumour. Captopril does not alter the proportion of 

F4/80 of CD31+ myeloid cells in the liver (Fig. 26B, upper panel). Instead, captopril 

increases the proportion CD31+F4/80+ myeloid cells (p= 0.001), while significantly 

reducing the proportion CD31+F4/80- myeloid cells (p= 0.00004) in the tumour (Fig. 

26B, lower panel). A significant increase in the proportion of CD31-F4/80- myeloid cells 

were found in the liver (p= 0.002) (Fig. 26C, D upper panel), whereas no significant 

difference in the proportion of F4/80+ or F4/80- was observed CD31- myeloid 

population in the tumour in the captopril treated group compared to saline (Fig. 26C, 

D, lower panel). In general, the frequency of CD31+F4/80+ myeloid cells was 

comparably lower than CD31-F4/80+ in both tissues in the captopril treated group (Fig. 

26A-D). However, the most diminished population after captopril treatment was 

CD31+F4/80- myeloid cells.  
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Figure 26. Captopril differentially alters the proportions of F4/80 expression of CD11b+CD31 
populations in the liver and the tumour. (A) Gating strategy for analysis of F4/80 expression in the 
CD31+ myeloid cells and (B) quantitation of the proportion of F4/80 as a proportion CD31+ myeloid 
populations in the liver and tumour treated with captopril and saline at day 15. (C) Gating strategy for 
analysis of F4/80 expression in the CD31- myeloid cells and (D) quantitation of the proportion of F4/80 
as a proportion of CD31- myeloid cell in the liver and tumour tissues treated with captopril and saline at 
day 15. Data n≥5 presented as mean ± SEM. Significantly different data represented by * p<0.05, ** 
p<0.01 and ****p<0.0001.  
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4.3.5 Captopril treatment reduces PD-L1 expression on CD31+F4/80+ and CD31-F4/80+ 

myeloid subpopulations in the liver 

PD-L1 is an inhibitory ligand that binds to PD-1 to suppress T cell activation (Ballbach 

et al., 2017) and is well-known to be expressed by M2-type MΦ inducing a tumour 

suppressive microenvironment (Tseng et al., 2018). To determine the 

immunosuppressive activity of  CD31+ F4/80+  and CD31- F4/80+ myeloid cells, we also 

stained for the expression of the checkpoint ligand PD-L1 (Fig. 27A-D). Captopril 

treatment decreased the expression of PD-L1 in both CD31+ F4/80+ (p= 0.0009) (Fig. 

27A, B upper panel) and CD31- F4/80+ myeloid cells within the liver (Fig. 27C, D upper 

panel)  (p= 0.0009), whereas PD-L1 expression was not modulated by captopril within 

the tumour tissues (Fig. 27B, D lower panel). These results suggest that RASi 

influences the immunosuppressive activity of MΦ and KC in the liver.  
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Figure 27. Captopril differentially alters PD-L1 expression on CD31+F4/80+ and CD31-F4/80+ myeloid 
subpopulations. (A) Gating strategy for analysis of PD-L1 expression of CD31+F4/80+ myeloid 
subpopulation and (B) quantitation of PD-L1 expression as a proportion of CD31+F4/80+ myeloid 
subpopulation in the liver and tumour tissues treated with captopril and saline at day 15. (C) Gating 
strategy for analysis of PD-L1 expression of CD31-F4/80+ myeloid subpopulation and (D) quantitation 
of PD-L1 expression as a proportion of CD31-F4/80+ myeloid subpopulation in the liver and tumour 
tissues treated with captopril and saline at day 15.  Data n≥5 presented as mean ± SEM. Significantly 
different data annotated. Significantly different data represented by ** p<0.01 and ***p<0.001. 
 
 
 

4.3.5 Captopril  reduces the proportion of Ly6Chigh monocyte-derived subpopulation in 

the liver and tumour tissues 

 



104 
 

M-MDSCs are defined as CD11b+Ly6G-Ly6Chigh in tumour bearing mouse models 

(Bronte et al., 2016). The proportion of myeloid cells expressing Ly6Chigh (CD31-F4/80-

) in both the liver and tumour tissues were significantly diminished (Fig. 28A, B), 

whereas the proportion of myeloid cells expressing Ly6Clow (CD31-F4/80-) increased 

in the liver at day 15 (Fig. 28B, upper panel). These results suggest that  RASi affects 

the development of myeloid-derived immunosuppressive populations in the liver that 

are later recruited by the tumour (Fig. 28). The CD31+F4/80- was markedly depleted in 

the captopril treated group; therefore, accurate quantitation of Ly6C expression 

comparing saline to captopril treatment was not feasible.  

 

 
Figure 28. Captopril differentially alters the proportions of myeloid-derived suppressor cells in the 
liver and the tumour. (A) Gating strategy for analysis of Ly6C expression of CD31-F4/80- myeloid cells 
and (B) quantitation of the proportion Ly6C as a proportion of CD31-F4/80- myeloid cells in the liver and 
tumour treated with captopril and saline at day 15. Data n≥5 presented as mean ± SEM. Significantly 
different data represented by * p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001.  
 

4.3.6 t-SNE analysis identifies and stratifies a discrete monocyte-derived subset 

targeted by Captopril in the tumour  

Dimensionality reduction t-SNE analysis was performed using functions from 

the FlowJo™ t-SNE plugin (Belkina et al., 2019), explained in detail in chapter 2 (pages 

40-42). t-SNE enabled the visualization of the entire sample population in a two-
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dimensional density map in the form of cellular islands. The different parameters 

investigated in the flow cytometry analysis can be visualized by overlaying density 

plots, enabling specific cell clusters' characterisation. Furthermore, superimposing 

the 2-dimensional maps or t-SNE plots of the control and treatment data enables us 

to characterize cells that accurately change the treatment group.  

A subset of 11,182 events was selected from captopril treatment, and 15,708 events 

were selected from the saline condition at random. 27,036 cells were concatenated 

into merged single expression matrix before t-SNE analysis using keyword-based or 

categorical gates (sample ID and treatment condition). These populations originated 

from 5 samples in the captopril treated condition and 7 samples in the saline tumour 

condition. t-SNE-guided manual gates were drawn based on observed boundaries of 

phenotypic marker expression for PD-L1, F4/80, Ly6C, CD45 and CD31. The t-SNE 

analysis plot's overlay displayed cellular islands derived from the captopril treatment 

shown in the contour plot in red and derived from the saline condition in light blue. The 

superimposed maps show a cellular island depicted in orange contour in the query 

gate, which was present only in the saline condition. The levels of expression of CD45, 

CD11b, CD31, PDL1, Ly6C and F4/80 are shown in the histogram panel comparing the 

expression of the “query” gate shown in orange colour, while the expression of the t-

SNE overlay of the control is shown in light blue and captopril treatment in red (Fig. 

29A). Using the Barnes-Hut implementation of t-SNE, it was displayed that this cellular 

island (shown in the orange histogram) referred to as the “query” subpopulation 

expresses high levels of CD45,  intermediate levels of CD11b, CD31 and Ly6C, while 

shows low levels of F4/80 and PD-L1  when compared to the expression of the cellular 

islands present in the captopril (red histogram) and saline condition (blue histogram) 

(Fig. 29A).  

t-SNE-guided manual gating cell frequency calculations were mapped into the t-SNE 

overlay of the captopril treatment and saline conditions. The frequency of the total of 

captopril treatment represented 41.4% (11,182 events), whereas saline condition was 

58.1% (15,708 events) of the concatenated single expression matrix (Fig. 29A).  

Next, using the same t-SNE overlay, we investigated the distributions of the 

frequencies of the populations within the query gate, representing 9.92% of the saline 

condition by sequentially using the same hand gating parameters (Fig. 29). The 
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stratification and identification of myeloid cells strategy using t-SNE are explained in 

Figure 11. The “query” subpopulation showed that the highest frequency were cells 

expressing CD11b+CD31+ (dot plot in light blue), which represented 21.1% of the 

concatenated events (Fig. 29B). CD11b+CD31- (dot plot in orange) cells were mainly 

distributed outside the query gate with a frequency of 51.1%, and the ungated 

population shown in red did not show any expression of either of these markers (Fig. 

29B). Subsequently, we gated F4/80 on CD31+, the highest frequency population on 

the query gate. The total frequency of (CD31+) CD11b+F4/80- was 10.7% (2,889 

events), mostly present within the query gate shown in bright green colour dot plot 

(Fig. 29C). (CD31+) CD11b+F4/80+ represented about 6.31% (1,705 events) shown in 

the orange colour dot plot (Fig. 29C). Lastly, the frequencies of the total of Ly6C high 

(dot plot in purple), intermediate (dot plot in turquoise), and low (dot plot in yellow) 

were 1.32%, 5.86% and 2.99%, respectively, gated on CD31+ myeloid cell island with 

the CD11b+F4/80-  (Fig. 29D). Altogether, these results showed that the subpopulation 

impacted by the captopril treatment was expressing CD31+ F4/80- (Fig. 29C) with a 

high frequency of Ly6C intermediates (5.86%) followed by Ly6Clow and Ly6CHigh (Fig. 29D). 

The subpopulations expressing F4/80 gated on CD11b+CD31- are shown in Fig. 29E, 

while Ly6C was gated on CD11b+CD31- F4/80 illustrated in Fig. 29F. 

 
 
 



107 
 

 
 
 



108 
 

Figure 29. t-SNE analysis and cluster visualization for identifying and stratifying a distinct myeloid-
derived suppressor subpopulation impacted by Captopril treatment in the tumour. (A) t-SNE overlay 
of the captopril (contour plot in red) and saline (contour plot in light blue) treatment conditions and 
histograms showed surface marker expression for F4/80, Ly6C, PD-L1, CD31, CD11b and CD45. 
Sequential t-SNE-guided visualization strategy shows (B) the distributions of the frequency of total 
CD11b+CD31+ (dot plot in light blue) and CD11b+CD31- (dot plot in orange) mapped into the t-SNE 
overlay of the captopril and saline treatment conditions. (C) Distributions of the frequency of total 
CD11b+F4/80-  dot plot in bright green mapped into CD11b+ CD31+  myeloid cells. ( D) Distribution of 
the frequencies of the total of Ly6C high (dot plot in purple), intermediate (dot plot in turquoise), and 
low (dot plot in yellow) mapped into CD11b+ CD31+ myeloid cells. (E) Distributions of the frequency of 
total CD11b+F4/80-  dot plot in bright green mapped into CD11b+ CD31-  myeloid cells. (F) Distribution 
of the frequencies of the total of Ly6C high (dot plot in purple), intermediate (dot plot in turquoise), and 
low (dot plot in yellow) mapped into CD11b+ CD31- myeloid cells. Datasets are representative of 5 mice 
in the captopril treated tumour and 7 mice in the control tumour. 

 

4.4 Discussion  

 

In chapter 3, the immunologic effect of RASi on the spatiotemporal dynamics of 

specific T-lymphocyte subpopulations was demonstrated. Captopril treatment 

enhances trafficking patterns of T-cells into the surrounding liver and tumour inner 

margin, which impairs metastatic outgrowth and decreases tumour viability (D. L. 

Vallejo Ardila et al., 2020). Also, a previous study from our lab had demonstrated the 

role of TAMs in controlling CLM development (Wen et al., 2013). The current study 

explains the captopril (ACEi) effect on the tumoral myeloid subpopulations in mice 

with CLM. Herein, we have investigated the phenotypic composition of the myeloid 

cell compartment and the changes induced by captopril on their density, spatial and 

temporal distribution, and expression of co-inhibitory markers such as PD-L1. 

The results indicate that the effect of captopril appears to subtly prompt the presence 

of myeloid cells expressing CD11c+ in the liver and tumour. CD11c+DC cells may 

migrate preferentially into the tumour and then also into secondary lymph node 

organs. ACE is significantly expressed on the surface of DCs (Danilov et al., 2003) 

when these cells are activated with a pro-inflammatory signal given by INF-γ in the 

infection context (Shen et al., 2011). Besides, ACE regulates the processing of MHC 

class I peptides presented by DCs for antigen recognition (Shen et al., 2011). The 

physiologic implications of ACEi on DCs in the context of tumour development require 

more investigation to understand the significance of their accumulation in the invasive 
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tumour margin and the lymph nodes. In contrast, a marked reduction of CD11b+ 

myeloid cells was observed in the liver.  

ACE inhibition causes myelosuppression (Chisi et al., 1999) and reduces the 

differentiation of immature myelomonocytic lineage cells in mice (Cao et al., 2020; Lin 

et al., 2011). However, CD11b has been used to group various phenotypes of myeloid 

cells (Bronte et al., 2016), which allows delineating their origin in the liver (Yao et al., 

2016; Y.-R. A. Yu et al., 2016) under steady-state condition (Eckert et al., 2015). The 

lack of specific markers to describe MDSC and to differentiate from other myeloid 

cells in normal tissues has caused significant confusion in current literature (Bronte 

et al., 2016; Yao et al., 2016). Hence, myeloid populations were separated according 

to the expression of CD31, as it has been previously proposed to determine their 

maturation status (Bronte et al., 2000; Connolly et al., 2010; Yang et al., 2004). 

The results showed a significant decline in myeloid cells expressing CD31+ induced 

by captopril, while the relative proportion of CD31- cells was preserved when 

comparing between the liver and the tumour. This may be attributed to a dual 

mechanism by which captopril inhibits tumour angiogenesis and reverses TME 

immunosuppression because CD31 is also expressed by endothelial cell progenitors 

(Farsaci et al., 2014). CD31 has been regarded to be the most sensitive and specific 

endothelial marker. However, endothelial cells can be identified based on the 

expression of CD31 and in the absence of hematopoietic (CD45) MΦ (F4/80) marker 

expression (Bailey et al., 2006). CD31 is also expressed on the surface of monocytes 

(Ling et al., 1997). Also, CD31 expressed on monocytes decreases their emigration 

from the bone marrow to the blood (Ling et al., 1997). The ligation of CD31 drives 

transendothelial migration and activates antiapoptotic signalling  (Ferrero et al., 

2003). Previous studies have associated CD31 myeloid cells with pro-angiogenic 

capacity in the tumour (Rivera & Bergers, 2015; Yang et al., 2004). Further phenotypic 

characterization of specific lineage markers is required to differentiate between the 

effect of RASi on endothelial progenitors and immature myeloid cells expressing 

CD31.   

Unexpectedly, the frequency of CD31+ TAMs was markedly increased by captopril, 

which was conflicting criteria to define the maturation of MΦ based on the expression 

CD31. The surface expression of CD31 on TAMs had been previously described 
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(McKenney et al., 2001). Furthermore, CD31+ TAMs have shown distinct gene 

signature profiles from tissue or inflammatory MΦ in a melanoma mouse model and 

human breast cancer patients (Kim et al., 2013), which can potentially be used to 

predict prognosis or be used as a therapeutic cancer target (Kim et al., 2013). In that 

same study, CD31+ TAMs were reported to infiltrate mainly metastatic lymph nodes 

(Kim et al., 2013). Further characterization of the effect of captopril on TAMs 

expressing CD31 and changes to their migration pattern to the hepatic draining lymph 

nodes (celiac and portal lymph nodes) may offer insights into their role in tumour 

metastases.  

A recent publication reports that the CD45+ F4/80highCD31high correspond to 

endothelial cells attached to the surface membrane of KC and that not even utilizing 

KC-specific cell markers like Tim4 and CLEC4f (Scott et al., 2016) was possible to 

differentiate between CD31high and CD31low populations (Lynch et al., 2018). In 

contrast, several studies described the presence of CD31+  not only on TAMs (Kim et 

al., 2013) but also on different stages of maturation of myeloid cells (Ling et al., 1997) 

like myeloid progenitor cells (Bronte et al., 2000). Also, CD31 is expressed by MDSC in 

the context of late sepsis (Brudecki et al., 2012; Dai et al., 2015), chronic hepatitis B 

virus infection (Chen et al., 2011) and myeloid-populations found in tumour-bearing 

mouse models (Connolly et al., 2010; Yang et al., 2004).  

The expression levels of Ly6C+ in the CLM mouse model (High, intermediate, and low) 

were employed to define their immunosuppressive phenotype. Another study had 

characterized the frequency of MDSC, which consisted mainly of two distinct 

subpopulations: Ly6G+Ly6Clow granulocytic and Ly6G-Ly6Chigh monocytic cells (Bronte 

et al., 2016), in ten different tumour bearing models of lung, breast, colon cancer, 

melanoma, and sarcoma (Youn et al., 2008). That study concluded that the 

immunosuppressive activity of MDSC in cancer depended on the specific phenotypic 

characteristics of these highly heterogeneous populations on each mouse model 

(Youn et al., 2008). Furthermore, M-MDSC are known to have a more effective 

mechanism of suppressing antigen-independent T-cell responses than G-MDSC (Youn 

& Gabrilovich, 2010). In our CLM mouse model, captopril markedly reduced MDSC 

expressing Ly6Chigh (CD11b+CD45+CD31-F4/80-) in the liver and tumour, suggesting a 

mechanism by which RASi decreases TME immunosuppression and hinders tumour 
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growth. Ly6Cintermediates were also decreased in the captopril treated group within the 

liver, which suggests that RASi also targets the granulocytic myeloid cells. In contrast, 

Ly6Clow was increased exclusively in the liver by captopril, which may indicate their 

anti-inflammatory nature within the liver, as it has been previously reported that 

Ly6Clow monocytes promoted the resolution of injury and fibrosis (Ramachandran et 

al., 2012). Still refining phenotypic and functional characterization of 

Ly6G+Ly6Clow granulocytic lineage in the context of tumour development is required.  

Captopril treatment decreased PD-L1 expression in CD31+ MΦ and CD31 -MΦ, whereas 

the expression of PD-L1 on TAMs was not modulated by captopril, independently of 

the expression CD31. These results may suggest that RASi reduces the expression of 

co-inhibitory molecules on the surface of MΦ and KC, which may contribute to an 

immunostimulatory TME, since PD-L1 expression on F4/80+ MΦ denotes a change in 

their anti-tumour capability (Gonzalez et al., 2018). Intriguingly, a recent study showed 

that captopril induces M2-type marker CD206 expression at the cell surface of 

monocytes engaged in M1 MΦ differentiation in vitro (Medjebar et al., 2020). 

Moreover, the same study reported that ACEi combined with PD-1/PD-L1 inhibitor 

treatment was associated with poor response and an immunosuppressed tumour 

state caused by the increased expression of CD206+ MΦ in mice (Medjebar et al., 

2020). Although captopril did not change the frequency on PD-L1+ TAMs, F4/80 

positivity was significantly increased in the invasive margin in the CLM mouse model. 

Defining the polarization status MΦ and the co-expression of CD206 on CD31+ and 

CD31 – MΦ may help clarify the benefit of reducing PD-L1 expression.  

The t-SNE-guided manual gating put a face and a name on the specific subset of 

tumour infiltrating myeloid population depleted after RASi treatment. A CD31+ 

monocyte-derived subset expressing F4/80- Ly6C intermediate/High was mapped onto the 

query gate absent in the captopril treated group. The t-SNE analysis projected the 

results obtained from the analysis of the 6-parameter flow-cytometry dataset. This 

workflow of analysis had been previously validated by a different study (Toghi Eshghi 

et al., 2019). The advantage of using t-SNE map topography in this study was that it 

enables the visualization and qualitative assessment of the boundaries between 

cellular island present or absent when overlapping the saline and captopril treated 

conditions. Further validation is required to quantitatively compare the cell frequency 
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determined by conventional plot-based and t-SNE-guided manual gating. Lastly, 

refining phenotypic and functional characterization of Ly6G+Ly6Clow granulocytic, KC 

(tissue-resident F4/80High), and tissue infiltrating MΦ would enable a more detailed 

understanding of the effects of RASi on these subpopulations.  

4.5 Conclusion  

This chapter described the immunologic effect of RASi using captopril on the 

phenotypical composition of myeloid-derived populations expressing CD31 within the 

liver and tumour tissues. In addition, changes in the cell density of F4/80+ MΦ were 

compared between an early and late tumour development stage. RASi significantly 

reduces a CD31+monocyte-derived subset F4/80- Ly6C intermediate/High, which may have 

a pro-angiogenic and immunosuppressive function. To further determine the 

mechanisms by which RASi modulates the immunosuppressive activity of MDSC  on 

activated T cells, MDSC and T cells isolated from the tumour can be co-cultured to 

measure marginal MDSC apoptosis staining with annexin V. Also, captopril treatment 

decreased the expression of PD-L1 in mature MΦ, which may reprogram them towards 

an immune stimulatory state. The significance of these findings needs to be further 

explored, particularly the effect of RASi on other MDSC like Ly6G+Ly6Clow granulocytic, 

KC (tissue-resident F4/80High) and tissue infiltrating MΦ. 
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Chapter 5 

 

Captopril treatment differentially modulates the immunoproteasome in mice with 

colorectal liver metastases 

 

This chapter aims to assess the effects of captopril (ACEi) on the proteome of liver 

tissues from a mouse model of colorectal liver metastases using liquid 

chromatography-tandem mass spectrometry.  

 

This chapter is presented as a regular thesis chapter which includes unpublished 
results.  
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MODULATES THE IMMUNOPROTEASOME IN 
MICE WITH COLORECTAL LIVER METASTASIS 
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5.1 Introduction 

In previous studies from our lab, it was shown that captopril (ACEi) significantly 

impairs tumour growth and tumour viability in the CLM mouse model (Neo et al., 2010; 

Neo et al., 2007; D. L. Vallejo Ardila et al., 2020). In chapter 3 and 4, the extensive 

evidence of the potent immunomodulatory function of ACEi during CLM  development 

was provided, showing that T-lymphocytes (D. L. Vallejo Ardila et al., 2020) and 

myeloid cells infiltrating the TME were significantly modulated. It was hypothesised 

that additional factors involving both innate and adaptative immune response might 

contribute to captopril's anti-tumour activity in mice with CLM.  

Contradictory findings of the role of captopril promoting tumour outgrowth in an 

orthotopic renal carcinoma model and its potential immunomodulatory highlight the 

relevance of using immunocompetent mouse models (Molteni et al., 2003; Wysocki et 

al., 2006). The anti-tumour properties of captopril were initially examined on 

immunocompromised scid/scid mice receiving a high dosage of the drug (Hii et al., 

1998; Small et al., 1999). However, under these particular conditions, the influence of 

captopril on the mouse host immune response and immunogenicity of the tumour 

failed to be recognized (Wysocki et al., 2006). Another study later confirmed that 

captopril impaired the generation of antigen-specific CD8+ T cells and enhanced 

tumour infiltration of activated B-cells (Wysocki et al., 2006).  

 The most convincing aspect of the findings presented in previous chapters is that the 

animal experiments were conducted using a well-established immunocompetent 

orthotopic mouse model (Kuruppu et al., 1996). MoCR-CLM recapitulates the 

immunological features of CLM (D. L. Vallejo Ardila et al., 2020). Moreover, the dose-

dependent effect of captopril to decrease tumour growth had been previously reported 

by our lab (Neo et al., 2007). In this sense, MoCR-CLM is a powerful immune-oncology 

model to study RASi modulation of immunosuppressive cells, including CD31+TAM 

expressing PDL-1 and MDSCs, as demonstrated in chapter 4. Other CRC animal 

models like MC38 have displayed similar immune cell composition of TME (Mosely et 

al., 2017). The caveat, however, is that the MoCR model uses the carcinogen DMH to 

induce primary colon carcinoma in CBA animals, which is commonly used to induce 

mutations primarily CRC that resembles human CRC (Newell & Heddle, 2004), similarly 

to the origin of CRC cell line MC38, which was isolated from a colon tumour in a 
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C57BL/6 mouse  (Corbett et al., 1975). Chemically induced colon carcinogenesis leads 

to a high mutational burden (Hegde & Chen, 2020). Emerging evidence suggests that 

a high tumour mutational burden correlates with the presence of more neoantigens, 

thereby a better chance of triggering an immunogenic T cell response (Jardim et al., 

2020). Another caveat to consider in using the MoCR-model for tumour immunology 

studies is the effect of splenectomy. The MoCR mice are splenectomised to prevent 

the local tumour growth after the intrasplenic induction. Previously Christophi’s lab 

had studied the impact of the presence of spleen in the MoCR model would accelerate 

the kinetics of metastatic development, as observed when compared with the partial 

splenectomy model (unpublished data). 

RASi signalling pathways are associated with stimulation of neoangiogenesis by 

increasing VEGF (Noble et al., 1993; Yoshiji et al., 2001; Yoshiji et al., 2002), 

potentiation of EGF-mitogenesis (Norman et al., 1987) and induction cellular 

oncogenes such as c-myc, c-fos, c-N-ras and TGF-β (Wolf & Neilson, 1990). However, 

signalling transduction pathways that may influence the efficacy of captopril on 

immune anti-tumour function have not yet been described.  

LC-MS/MS-based proteomic analysis allows the study of transduction pathways with 

precision due to its high-throughput capability (Edmondson et al., 2002; Herring et al., 

2015; H. Zhang et al., 2017). Herein, this method was implemented to investigate and 

quantitate the changes in the global proteome of liver and tumour tissues collected at 

the early angiogenic stage of metastases development due to captopril treatment in 

a systematic and unbiased manner. 

5.2 Methods 

For global proteomics, processing liver tissues containing micrometastases were 

separated into two groups: control (saline) and treatment (captopril). Tissue lysates 

were prepared for each sample included in the control and captopril group. Each group 

included five biological replicates. State of the art quantitative (LC-MS/MS) proteomic 

techniques on the QExactive plus Orbitrap mass spectrometer were used to determine 

relative protein abundance changes (Figure 5). Experimental validation was 

performed using IHC to measure the expression of immunoproteasome subunits on 

tumour tissues. The specific protein extraction procedures, liver lysates preparation, 
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quantitation of global proteome protocol and IHC procedures are also fully described 

in chapter 2 (Global proteomics and bioinformatic analysis, page numbers 43-45 ). 

 

5.2.1 Statistical analysis  

The global proteomics pre-processed data was analysed using MaxQuant version 

1.6.5.0 to inspect raw data, identify, and quantify peptides features (Cox & Mann, 2008; 

Tyanova et al., 2015). Perseus version 1.5.1.5 was used for statistical analysis and 

data visualization of processed proteomics output (Tyanova et al., 2016). Welch’s t-

test was implemented to compare the differences in protein expression between 

captopril treated samples and saline-treated samples (control group). The cut-off for 

statistical significance was p-value ≤ 0.01 and a Log2 fold change ≥ 2. Functional 

enrichment and protein-protein interaction network reconstruction were performed 

using STRING v11.0 (Szklarczyk et al., 2019). Integrative pathway analysis was 

computed with FunRich 3.1.3 and searched against the UniProt rodents database 

(Pathan et al., 2015).  

The correlation matrix was generated using correlation coefficient r (or rs) for each 

pair of variables: total tumour positivity of CD11b+, CD11c+, F4/80+, CD3+, CD4+ and 

LMP7+ for the saline and captopril treated group. A heat map of R2 calculating p- 

values (two-tail) was generated. Statistical analysis was conducted using GraphPad 

Prism® 8.3.0 (GraphPad Software, Inc., San Diego, CA) using both parametric and non-

parametric analytical tests as appropriate. All statistical tests were two-sided, and a 

p-value of 0.05 was considered statistically significant.  

 

5.3 Results  

5.3.1 Impact of captopril treatment on the global proteome of liver tissues at day 15 

post-tumour induction 

We comprehensively compared the proteomes of captopril treated samples and 

control samples using  LC-MS/MS-based methods and identified 2,964 proteins.  

To identify proteins differentially regulated by captopril, the following criteria were 

utilized: 1) p-value ≤ 0.01 and 2) Fold-change values: average increase or decrease of 

abundance by more than 50% (Log2 >0.55 for increase; Log2 <-0.55  for decrease). 
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These criteria revealed that when captopril treated liver samples were compared to 

control liver samples, 13 differentially expressed proteins were found out of 2,964 

analysed (p-value ≤ 0.01). Protein and gene names, Welch’s t-test (Log2) difference 

and cut-off values are described in Table 5.   
 

Table 5. Differentially regulated proteins in the captopril liver tissues compared to saline liver tissues 

Protein names Gene names 
-Log10 Welch's T-test 

p-value 

Welch's t-test 

Difference (Log2) 

Proteasome subunit beta type 5 PSMB5 2.20698 -1.82986 

Zinc-binding alcohol dehydrogenase 

domain-containing protein 2 
ZADH2 2.78857 -0.963341 

ATP-dependent RNA helicase A DHX9 3.33027 -0.898892 

Carboxylesterase 1E CES1E 2.1796 -0.768901 

Proteasome activator complex subunit 1 PSME1 2.25697 0.51452 

60S ribosomal protein L17 RPL17 2.08512 0.53331 

Endoplasmic reticulum resident protein 44 ERP44 2.3679 0.55593 

Actin-related protein 2/3 complex subunit 5 ARPC5 3.16243 0.66923 

Proteasome subunit beta type 8 PSMB8 2.00005 0.71876 

Histidine-rich glycoprotein HRG 2.2277 0.80333 

Hsp90 co-chaperone Cdc37 CDC37 2.15384 0.91788 

Proteasome subunit beta type 10 PSMB10 2.19746 1.40429 

Further information for each protein can be retrieved using STRING v11.0 (https://string-db.org)(Szklarczyk et al., 

2019). The cut-off for statistical significance was p-value ≤ 0.01 and a Log2 fold change ≥ 2. 

 
 

Captopril treatment significantly upregulated the following proteins: PSMB10, CDC37, 

HRG, PSMB8, ARPC5, ERP44, RPL7, PSME1; while downregulating the expression of 

CES1E, DHX9, ZADH2 and PSMB5 in the liver. The corresponding volcano plot is 

shown in Fig. 30A. Using STRING v11.0 (https://string-db.org) (Szklarczyk et al., 2019) 

to acquire protein-protein interactions networks, functional clusters were determined 

using active interaction sources, including text mining, experimental data, databases 

and co-expression limited to “mus musculus” (NCBI taxonomy Id: 10090). UniProt 

database UniProt (rodents) ( https://www.uniprot.org) (Consortium, 2020) was used 

to retrieve functional annotations for each differentially regulated protein as described 

in Table 6. The interaction score of >0.4 was applied to predict functional interactions. 

K-means clustering algorithm calculated the distance matrix obtained from the 

STRING global scores determining that PSMB8, PSMB10, PSMB5 and PSME1 were 

https://string-db.org/
https://string-db.org/
https://www.uniprot.org/
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interacting proteins cluster “Proteasome” (CL: 7204; false discovery rate 1.25e-6), 

which had a higher global score part of the same functional cluster in the liver PPI 

analysis (Fig. 30B).  

 
Figure 30. Quantitation of the changes induced by captopril in the global proteome of the liver. (A) 
Volcano plot showing average fold-change and p-value ≤ 0.01 for the comparison between captopril 
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treated group and control liver group at day 15 post-tumour induction (n=5). (B) Functional Enrichment 
using STRING showing protein-protein interaction network and proteasome functional cluster. (C) 
Integrative functional enrichment analysis of significantly regulated proteins in the liver tissues in 
captopril treated mice using Reactome pathways FunRich v 3.1.3 ®. Statistical significance threshold 
p-value ≤ 0.001.  
Table 6. Functional enrichments of proteins differentially regulated in captopril treated compared to 

saline liver tissues. 

Protein names Functional annotation 

PSMB5 

Component of the 20S core proteasome complex involved in the proteolytic degradation of 

most intracellular proteins. The 26S proteasome plays a key role in the maintenance of protein 

homeostasis by removing misfolded or damaged proteins that could impair cellular functions. 

ZADH2 

Functions as 15-oxo-prostaglandin 13-reductase and acts on 15-keto-PGE1, 15-keto-PGE2, 15-

keto-PGE1-alpha and 15-keto- PGE2-alpha with the highest efficiency towards 15-keto-PGE2-

alpha. Overexpression represses transcriptional activity of PPARG (Peroxisome Proliferator-

Activated Receptor Gamma) and inhibits adipocyte differentiation. 

DHX9 

Multifunctional ATP-dependent nucleic acid helicase that unwinds DNA and RNA in a 3' to 5' 

direction and that plays essential roles in many processes, such as DNA replication, 

transcriptional activation, post-transcriptional RNA regulation, mRNA translation and RNA-

mediated gene silencing.  

CES1E 
Involved in the detoxification of xenobiotics and the activation of ester and amide prodrugs 

(562 aa). 

PSME1 

Implicated in immunoproteasome assembly and required for efficient antigen processing. 

The PA28 activator complex enhances the generation of class I binding peptides by altering 

the cleavage pattern of the proteasome (249 aa). 

RPL17 Component of the large ribosomal subunit (184 aa). 

ERP44 

Mediates thiol-dependent retention in the early secretory pathway, forming mixed disulphides 

with substrate proteins through its conserved CRFS motif. Inhibits the calcium channel 

activity of ITPR1. May have a role in the control of oxidative protein folding in the endoplasmic 

reticulum. 

ARPC5 

Functions as component of the Arp2/3 complex involved in regulating actin polymerization 

and an activating nucleation-promoting factor (NPF) mediate the formation of branched actin 

networks. 

PSMB8 

The proteasome is a multicatalytic proteinase complex characterized by its ability to cleave 

peptides with Arg, Phe, Tyr, Leu, and Glu adjacent to the leaving group at neutral or slightly 

basic pH. The proteasome has an ATP-dependent proteolytic activity. This subunit is involved 

in antigen processing to generate class I binding peptides. May be involved in the 

inflammatory response pathway. 

HRG 

Plasma glycoprotein binds several ligands such as heme, heparin, heparan sulphate, 

thrombospondin, plasminogen, and divalent metal ions. Binds heparin and 

heparin/glycosaminoglycans in a zinc-dependent manner. Binds heparan sulphate on the 

surface of liver, lung, kidney and heart endothelial cells. Binds to N-sulphated polysaccharide 

chains on the surface of liver endothelial cells. Inhibits rosette formation. Acts as an adapter 
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protein and is implicated in regulating many processes such as immune complex and 

pathogen clearance, cell chemotaxis. 

CDC37 

Co-chaperone that binds to numerous kinases and promotes their interaction with the Hsp90 

complex, resulting in stabilization and promotion of their activity. Inhibits HSP90AA1 ATPase 

activity (By similarity). 

PSMB10 

The proteasome is a multicatalytic proteinase complex characterized by its ability to cleave 

peptides with Arg, Phe, Tyr, Leu, and Glu adjacent to the leaving group at neutral or slightly 

basic pH. The proteasome has an ATP-dependent proteolytic activity. This subunit is involved 

in antigen processing to generate class I binding peptides. It plays a role in determining the T-

cell repertoire for antiviral T-cell response. 

 
Further information for each protein can be retrieved using STRING v.11 (https://string-db.org)(Szklarczyk et al., 

2019) and UniProt (rodents) ( https://www.uniprot.org) (Consortium, 2020). 

 

 

5.3.2 Functional enrichment analysis of differentially regulated proteins in liver and 

tumour tissues of captopril treated mice 

Functional enrichment and integrative pathway analysis were performed using 

FunRich v.3.1.3 (http://www.funrich.org/) (Pathan et al., 2015). Signalling pathway 

information was retrieved from the Reactome pathway database 

(https://reactome.org/)  (Fabregat et al., 2017). Integrative functional enrichment 

analysis of differentially regulated proteins identified (Table 7) and ranked as the most 

significant signalling pathways )  modulated by captopril in mice (rodents) (p-value  

<0.001)  with their respective stable identifier (SI) are shown in Fig. 30C.   

 

 

 

 

 

 

 

 

 

 

 

https://string-db.org/
https://www.uniprot.org/
http://www.funrich.org/
https://reactome.org/
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Table 7. Reactome pathway analysis of proteins differentially regulated in captopril treated compared 

to saline liver tissues. 

Reactome pathway Functional annotation Reference 

CDT1 association with 

the CDC6 origin complex 

(SI: R-HSA-68827) 

Participant of the assembly of the DNA pre-replication complex, in 

which the function of CDT1 (Cdc10-dependent transcript 1 protein) 

is regulated during the cell cycle by its tight association with an 

inhibitory factor, geminin. 

(Wohlschlegel 

et al., 2000) 

autodegradation of 

Cdh1 by Cdh1:APC/C 

(SI: R-HSA-174084) 

Cdh1 (Cadherin-1, also known as CAM 120/80 or epithelial cadherin 

[E-cadherin]) is degraded by the Anaphase-Promoting 

Complex/Cyclosome (APC/C) ubiquitin ligase during in G1 and G0 

cell cycle phases. This auto-regulation may contribute to reducing 

the levels of Cdh1 levels during these phases of the cell cycle. 

(Listovsky et 

al., 2004) 

UCH proteinases (SI: R-

HSA-5689603) 

Participant of the deubiquitinating pathway, in which the Ubiquitin C-

terminal hydrolase (UCH) family of thiol proteases mediate protein-

protein interactions. 

(Reyes-Turcu & 

Wilkinson, 

2009) 

Ub-specific processing 

proteases (SI: R-HSA-

5689880) 

Involved in the detoxification of xenobiotics and the activation of 

ester and amide prodrugs (562 aa). 

(Nijman et al., 

2005) 

Neddylation 

(SI: R-HSA-8951664) 

Participant of the post-translational protein modification pathway, in 

which NEDD8 (neuronal precursor cell-expressed developmentally 

down-regulated protein 8) a ubiquitin-like molecule conjugates to 

substrate proteins through the ubiquitin ligase E1 to E3 enzyme 

cascade. The cullin scaffold subunit of cullin-RING E3 ubiquitin 

ligases (CRLs) is a target of neddylation, while CRLs themselves 

target numerous cellular proteins for degradation by the 

proteasome. 

(Soucy et al., 

2010) 

Further information for each protein can be retrieved using Reactome pathway database 

(https://reactome.org/)  (Fabregat et al., 2017). 

 

  

5.3.3 RASi modulates the expression of immunoproteasome subunits  

The results obtained indicate that RASi regulates the immunoproteasome functional 

clustered (PSMB8, PSMB10, PSMB5 and PSME1), which is well-known to specifically 

degrade proteins to generate antigenic peptides for the presentation to immune cells 

(Neefjes & Ovaa, 2013). The immunoproteasome encompasses the substitution of 

three catalytic subunits of the constitutive proteasome, including β1 (PSMB6), β2 

https://reactome.org/
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(PSMB7), and β5 (PSMB5), which are constitutively expressed in all cells (Aki et al., 

1994). These subunits are also known as inducible subunits, which corresponds to β1i 

(LMP2, low molecular weight protein 2, PSMB9), β2i (MECL1, multicatalytic 

endopeptidase complex-like 1, PSMB10), and β5i (LMP7, low molecular weight protein 

7, PSMB8), respectively (Aki et al., 1994). Furthermore, the replacement of PSMB5 by 

PSMB8 enhances the immunoproteasome function to generate proteasomal cleavage 

products and boosting a peptide-specific CD8+ T cell response (Ebstein et al., 2016).  

To further examine the pattern of expression of PSMB5 and PSMB8, tumour and 

adjacent liver parenchyma collected at day 15 were assessed using 

immunofluorescence. The qualitative assessment of expression of these markers 

indicated that hepatocytes most likely expressed PSMB5 in the liver parenchyma, but 

it was not expressed in tumour cells (Fig. 31A). In contrast, PSMB8 was mainly 

expressed in the tumour (Fig. 31B).  

IHC was applied to confirm whether captopril modifies PSMB8 (LMP7) expression 

within the tumour (Fig. 31A, B). It was identified different staining intensity of PSMB8 

(LMP7) within the tumour (Fig. 32A, C), which indicates a trend of increased 

expression of PSMB8 (LMP7) in the captopril treated group (Fig. 32D). The expression 

of the PSMB8 can be found on DCs, MΦ, activated T-lymphocytes (Krüger & Kloetzel, 

2012) and on solid tumours (Kalaora et al., 2020; Kiuchi et al., 2020; Rouette et al., 

2016; Tripathi et al., 2016). To define the specific immune cell type that may be 

expressing PSMB8, a Pearson’s correlation was employed to identify which other cells 

infiltrating the tumour would indicate a correlation with PSMB8 (LMP7) (Fig. 32E). The 

findings indicate that only CD3+ T lymphocytes negatively correlates with LMP7+ (r=-

0.15, p-value = 0.169). In addition, after captopril treatment this inverse correlation 

becomes significant and stronger (r=-0.32, p-value =0.05), similarly to the relationship 

between LMP7 and CD11c tumour region positivity (saline r=0.03; captopril r=-0.25) 

(Fig. 32E). Altogether these findings suggest that the correlation between the 

expression of PSMB8 (LMP7+) and CD3+ T cells, CD4+ T cells, F4/80+ MΦ, CD11b+ cells 

and CD11c+ cells is weak; therefore, it is likely that the expression of PSMB8 is not 

prominent in T cells and myeloid cells such as F4/80+ MΦ and CD11c+DC within the 

total area of the tumour as well as it is not significantly modulated by captopril 

treatment.  
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Figure 31. The pattern of expression of PSMB5 and PSMB8 in liver and tumour tissues. Qualitative 
assessment using mIHC defines the precise location of immunoproteasome subunits PSMB5 and 
PSMB8 in liver and tumour tissues of control and captopril treated mice. FFPE sections were stained 
by TSA OPAL 620 (red colour) and DAPI. (a) Nuclear expression of PSMB5 in hepatocytes is shown in 
red (housekeeping), and (b) cytoplasmic expression PSMB8 (antigenic peptide generation) of tumour 
cells is shown in red using immunofluorescence. 
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Figure 32. The effect of ACEi in the expression of PSMB8 (LMP7) in the tumour region. Representative 
microphotographs of IHC LMP7+ (a) annotated intensity and (b) marked-up of tumour area at day 15 
post-tumour induction (Scale bar = 100 µm measured from the edge of the tumour in direction to the 
core). (c) The cell density of  LMP7+ measured by the intensity of expression as follows: weak positive 
(in yellow), positive (in orange), and strongly positive (in red) in the total area of the tumour and (d) The 
effect of captopril treatment against saline on the relative expression of LMP7+. (e) Correlation matrix 
using Pearson r to determine the correlation between tumour expression of CD11b+, CD11c+, F4/80+, 
LMP7+ , CD3 + T Lymphocytes and CD4 + T cells. coefficient r (or rs) are shown for each pair of variables 
for total tumour positivity. A heat map of R2 calculating p-values (two-tail) was generated. Datasets 
expressed as mean ± SEM with n ≥ 5 mice for each group (equivalent >100 tumour regions in each 
group) excluding tumour region values outliers ROUT (Q=1%). Significantly different data is annotated.  
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5.4 Discussion 

In this chapter, the effects of RASi on the global proteome of liver tissues at day 15 

post tumour induction were assessed. Captopril significantly induced the differential 

expression of 13 proteins in the liver. Furthermore, clustering and functional 

enrichment showed that captopril modulates the expression of some of the 

immunoproteasome subunits, including PSMB8, PSMB10, PSMB5 and PSME1. 

Several studies have investigated the role of RASi in restoring immune regulation of 

the TME (Nakamura et al., 2018; D. L. Vallejo Ardila et al., 2020; Wen et al., 2013). T-

cell mediated anti-tumour responses require that the immunoproteasome processes 

MHC-I immunogenic peptides and their presentation by MHC-I  on the surface of 

tumour cells (Lee et al., 2020). The immunoproteasome was thought to be 

constitutively expressed only by DCs, MΦ and activated T-lymphocytes (Krüger & 

Kloetzel, 2012). However, recent reports showed that different expression levels could 

be found on solid tumours and hematologic malignancies (Kalaora et al., 2020; Kiuchi 

et al., 2020; Rouette et al., 2016; Tripathi et al., 2016). 

In the liver tissues treated with captopril, a significant upregulation of PSMB8, 

PSMB10 and PSME1 were found, while PSMB5 was downregulated. The replacement 

of constitutive proteasome (PSMB5) for the inducible immunoproteasome (PSMB8, 

PSME1 and PSMB10) is increased in most cancer types (Rouette et al., 2016). The 

efficacy of RASi on T-cell anti-tumour function, as was suggested by our previous 

study (D. L. Vallejo Ardila et al., 2020), may be facilitated by the overexpression of 

inducible immunoproteasome subunits, particularly PSMB8 and PSMB10. These 

results indicate that upregulation of the immunoproteasome subunit PSMB8 by 

captopril treatment may enhance the generation and presentation of antigenic 

peptides.  

On the one hand, immunoproteasome deficiency or low expression of PSMB8 and 

PSMB9 has been associated with recurrence and metastasis in NSCLC patients 

because this results in a substantially reduced repertoire of HLA-bound peptides and 

a mesenchymal phenotype (Tripathi et al., 2016). On the other hand, the 

overexpression of PSMB8 and PSMB9 is a strong predictor of better survival and 

improved response to immune check inhibitors in melanoma patients (Kalaora et al., 

2020). Also, it has been correlated with an increased level of CD8+ TILs, MΦ and IFN- 
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γ secretion (Hof et al., 2019). Overall, the weak correlations between PSMB8 (LMP7)  

tumour expression and CD11b+, CD11c+, F4/80+, CD3 + T cells, and CD4 + T cells may 

suggest that any of these immune cells do not predominantly express this 

immunoproteasome subunit. In the β5i-deficient mice, most of the immunogenic 

peptides examined were presented  by β5i-deficient DCs (Fehling et al., 1994), whereas 

in triply deficient (β1i, β2i and β5i) mice DCs had notorious defects in presenting 

several MHC class I epitopes, weakened CD8+ T cell responses (Kincaid et al., 2012). 

In the case of antigen-presenting cells, CD11c+ a stronger inverse correlation with 

PSMB8 (LMP7) was found after captopril treatment, suggesting that the pattern of 

expression of PSMB8 (LMP7) decreases DC density. Another proposed mechanism 

impacted by the deficiency or inhibition of PSMB8 is the production of 

proinflammatory cytokines generated by T helper cells (Th1/Th17), including IL-6, 

TNF, IL-17 and IL-23, which promote tumour progression in mice with CRC (APCMin/+ 

mouse model) (Koerner et al., 2017). The implications of the upregulation of PSMB8 on 

antigen presentation, CD8+T cell activation and the functions of T helper cells need to 

be further elucidated in the CLM mouse model, particularly considering that chemical-

induced carcinogenesis associates with a high mutational burden (Hegde & Chen, 

2020), which increases the probability of having a larger repertoire  of immunogenic 

tumour antigens (Germano et al., 2017).  

Intriguingly, several studies have evaluated the effects of proteasome inhibitors to 

treat hematologic malignancies and not proteasome activators (Chhabra, 2017; Siegel 

et al., 2012).  Since then, multiple proteasome inhibitors have undergone clinical trials. 

Nevertheless, immunoproteasome inhibitors have been considered safer since only 

overexpressing immune cells would be targeted. ONX-0914 has been used on 

preclinical trials to inhibit β5i (LMP7) and mitigating CRC progression  (Koerner et al., 

2017). Novel proteasome activators improve the proteasome activity by inducing 20S 

gate opening and suppressing the proteotoxic effect of the different protein- 

aggregates (Thibaudeau et al., 2018). The human 20S proteasomes and the 

immunoproteasome of melanoma cells are characterized by the partial replacement 

of only one inducible subunit or two at the time of the immunoproteasome assembly 

(Guillaume et al., 2010). Emerging evidence suggests that the generation of antigenic 

peptides is organ-specific. It involves cooperative function between the constitutive, 
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the intermediate, and the immunoproteasome (Guillaume et al., 2010), which needs to 

be considered when targeting the immunoproteasome in the context of CLM using 

RASi. In general, there was no detectable expression of PSMB5 (constitutive 

immunoproteasome) within the tumour, whereas PSMB8 (inducible immune 

proteasome) was expressed by tumour cells, which may suggest a complete 

replacement of β5 constitutive proteasome. PSMB10 (Larsen et al., 1993) and PSME1 

are required for efficient antigen processing (Murata et al., 2001). High expression of 

genes associated with antigen processing machinery (B2M, CALR, NLRC5, PSMB9, 

PSME1, PSME3, RFX5, and HSP90AB) was associated with therapeutic response to 

checkpoint inhibitors, better progression-free survival and OS  in NSCLC and 

melanoma patients (Thompson et al., 2020). Increased expression of antigen 

processing genes was also associated with T-cell inflamed status (Thompson et al., 

2020). Moreover, cytotoxic CD8+ T cell response and tumour recognition are altered 

by the loss or downregulation of antigen processing machinery genes (Pereira et al., 

2017). The changes in the expression of PSMB10 and PSME1 induced by captopril 

and their implications in the tumour immune response in CLM requires further 

experimental validation.  

The differential regulation induced by captopril was inferred to occur via neddylation, 

proteasomal ubiquitin-independent and ubiquitin-dependent manner. Reactome 

pathway analysis is predicted to be related to neddylation, a post-translational 

modification that adds a ubiquitin-like protein NEDD8 to substrate proteins (Kamitani 

et al., 1997) such as cullin subunits of CRLs. CRLs regulate cell cycle progression, 

gene transcription, apoptosis, and DNA replication; thereby, the rationale of targeting 

CRLs cancer-associated components known as oncogenes  (e.g., SKP2 and Cul4A) 

has been previously explored (Zhou et al., 2018). Additionally, overactivation of the 

neddylation pathway increases tumour suppressor degradation (Zhou et al., 2018). 

Neddylation inhibition by MLN4924 (Pevonedistat) reported promising anti-tumour 

effects via cell cycle arrest, apoptosis, senescence, and autophagy in a context-

dependent manner (Zhou et al., 2018). Other signalling pathways related to RASi 

immunoproteasome activation involve CDT1 association with the CDC6 origin 

complex (Borlado & Méndez, 2008), proteasomal ubiquitin-independent (Tsvetkov et 

al., 2010) and proteasome-mediated ubiquitin-dependent protein catabolic process 
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(Voutsadakis, 2008), which are well-known to contribute to carcinogenesis. The 

captopril-induced modulation of protein degradation pathways, together with 

increased immune proteasomal expression, may improve the efficiency of tumour 

antigen processing, in addition to processing unfolded and possibly dysfunctional 

proteins that characterise cancer cells, thus relieving their cytotoxic pro-inflammatory 

side effects. 

 

5.5 Conclusion  

 

This chapter explored the global proteasome changes after captopril treatment at an 

early stage of tumour development. Captopril differentially regulated the 

immunoproteasome cluster, specifically upregulating the expression of PSMB8 while 

downregulating the constitutive expression PSMB5 within the tumour. In addition, 

functional enrichment inferred that the signalling pathways modulated by captopril 

were neddylation, proteasomal ubiquitin-independent and proteasome-mediated 

ubiquitin-dependent protein catabolic processes. Although much remains to be 

determined about the phosphoproteome and phosphosites that need to be 

experimentally validated, these findings correlate with the immunomodulatory effect 

of RASi on T-cell anti-tumour function. 
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Chapter 6 

 

Spatial Phenotypic Immune Profiling of Colorectal Liver Metastases in the context of 

Histologic Growth Patterns  

 

This chapter aims to characterize the T cell, α-smooth muscle actin (α-SMA) and E-

cadherin, spatial distribution, activation, and spatial engagement within the CLM 

landscape using multiplex immunohistochemistry to determine whether the tumour 

growth pattern influences immune cell infiltration. 

 

Justification: In previous chapters using the MoCR-CL mouse model was 

hypothesized that RASi would have a similar immunomodulatory effect on the TME of 

human CLM. A prospective human study was not feasible within the term of a PhD 

candidature. For that reason, archival human CLM samples provided by VCB were 

utilized. This chapter describes the spatial phenotypic profiling of human CLM using 

multiplex immunohistochemistry and a machine-learning-based algorithm to 

determine whether the tumour growth pattern influences immune cell infiltration.  

 

This chapter contains the extended version of the manuscript submitted to, as per the 

following title:  

 

• Spatial Phenotypic Immune Profiling of Colorectal Liver Metastases in the 

context of Histologic Growth Patterns  

 

 

Due to copyright obligations, the author submitted a version of this manuscript as 

appendix 3. 
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6.1 Introduction 

Colorectal cancer is the second leading cause of cancer death worldwide, 

overwhelmingly due to liver metastases (Keum & Giovannucci, 2019). Approximately 

25% of CRC patients will be diagnosed with liver metastases during the disease 

(Engstrand et al., 2019). Surgical resection is considered the only curative treatment 

option for colorectal liver metastases that offers long-term survival (Kanas et al., 

2012). Several prognostic factors have been associated with patient outcome after 

surgical resection, including tumour size, the number of lesions, tumour progression 

after chemotherapy, preoperative serum carcinoembryonic antigen (CEA) levels, 

lymph node status of the primary tumour, disease-free interval from the resection of 

the primary tumour to the occurrence of liver metastases and the presence of extra-

hepatic metastasis (Engstrand et al., 2018; Vera et al., 2019). Clinical risk scoring 

(CRS) systems employ various combinations of these clinical variables to predict a 

CLM patient’s survival (Fong et al., 1999; Rees et al., 2008). Yet, survival differs 

between patients with the same CRS score (Wang et al., 2018), which means that a 

more comprehensive assessment based on better predictive factors is needed. 

To this end, several clinical studies have characterized the prognostic value of T-

lymphocytes to predict prognosis after liver metastasectomy, with promising results 

(Halama et al., 2011; Hof et al., 2019; Katz et al., 2013; Wang et al., 2018). In a study 

of tumour infiltrating CD3+ and CD8+ T cells in 249 patients with CLM, the 

immunescore was internally validated for relapse-free survival (RFS) and overall 

survival (OS) and concluded that CLM patients with high immunescore had 

significantly longer RFS than those with low immunescore (Rees et al., 2008). Another 

study on regulatory T cell infiltration found a high proportion of CD4+ or CD8+ T 

lymphocytes expressing FoxP3+ predicted poor outcome following CLM resection. 

However, a systematic review on the prognostic value of T lymphocytes (CD3+, CD4+ 

and CD8+), which analysed high-throughput studies of resected CLM, could not arrive 

at any conclusions due to the diverse and heterogeneous patient population (Halama 

et al., 2011). Another systematic review reported no association between CD4+ and 

CD8+ T-cell density with OS (Kong et al., 2019). Other studies showed that the 

intratumoral presence of tissue-resident memory CD8+ T cells (TRM), expressing the 

integrin CD103+, has been strongly correlated with favourable prognosis (Dumauthioz 
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et al., 2018), independently of the infiltration of CD8+ T cells in several malignant 

diseases, including ovarian, lung, endometrial, and breast cancers (Djenidi et al., 2015; 

Ganesan et al., 2017; Koh et al., 2017; Wang et al., 2015; Webb et al., 2014). Overall, T 

lymphocytes include several subtypes of T cells at different stages of activation and 

differentiation; hence the frequencies, spatial distribution and engagement with other 

cells in their vicinity could be more informative predictors of patient outcome, and it 

could aid the current stratification of CLM patients for available therapies and 

particularly immunotherapies (Taube et al., 2020).  

Recent reports highlight the importance of integrating spatial and temporal dynamic 

changes of tumour infiltrating T cells (Bindea et al., 2013), including studies in CLM 

(Angelova et al., 2018; Berthel et al., 2017; Halama et al., 2011; Wang et al., 2018).  

Furthermore, the spatial engagement of T cells with neighbour stromal, other immune 

or tumour cells can provide insights into their state of activation and function (Lazarus 

et al., 2018). For example, T cells expressing the integrin CD103 were shown to bind 

on to E-cadherin, an epithelial cell junctional protein, enabling their retention and 

activation within the infected tissue (Hofmann & Pircher, 2011; Shields et al., 2019).   

Patterns of tumour immune cell infiltration may be correlated by the CLM histologic 

growth pattern (Nielsen et al., 2014). CLM can be categorized into three distinct 

histologic growths patterns that impact disease progression and patient outcome 

after surgical resection (Fernández Moro et al., 2018; Nielsen et al., 2014; Pinheiro et 

al., 2014). Growth patterns in CLM are defined by the liver-tumour interface 

morphology (van Dam et al., 2017). The most frequent growth pattern reported is the 

replacement, followed by the desmoplastic and, finally, the pushing pattern 

(Fernández Moro et al., 2018). Overlaps of these patterns have also been observed 

(Van den Eynden et al., 2012), and the exact definitions of histopathological criteria 

varies among different studies (Serrablo et al., 2016; Wiggans et al., 2013). 

Desmoplastic tumours have been reported to have significantly higher levels of 

lymphocytic infiltrate compared to the replacement and pushing pattern tumours 

(Nielsen et al., 2014). However, phenotypic or spatial immune profiles in the different 

growth patterns have not been determined.   

T lymphocytes' spatial phenotypic immune profiling may reveal important insights to 

CLM development and prognostic treatment outcome. Additionally, a detailed 
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characterization of how the CLM growth pattern may dictate T cell spatial distribution 

has never been reported to our knowledge. Thus, in this study, we aimed to unveil the 

T cell spatial distribution in CLM using multiplex immunohistochemistry and 

automated image quantitation analysis, which has proven to be a powerful 

investigative tool to enable spatial and phenotypic characterization of immune and 

stromal cells in the TME (Blom et al., 2017; Halse et al., 2018; Lazarus et al., 2018; 

Stack et al., 2014; Taube et al., 2020). 

 

6.2 Methods 

 

A 6-plex OPALTM protocol was used to assess the composition and spatial distribution 

of T cell markers CD3, CD8 and CD103 and the EMT markers α-SMA and E-cadherin. 

The protocol was manually optimized and validated in a cohort of twenty-two CLM  

whole tissue specimens using well-established antibodies, single spectral library, 

negative controls, and biological controls for corroborating staining pattern of 

following the recommendations on best practices for mIHC (Masucci et al., 2016; 

Taube et al., 2020). The staining patterns of α-smooth muscle actin (α-SMA) were 

tested on sclerosed hemangiomas, a tissue enriched with blood vessels and 

desmoplastic fibrotic tissue in the liver, to better differentiated from the expression of 

smooth fibroblasts and CAF. The pattern of infiltrations was compared between 

normal liver tissue and CLM. The specific experimental definitions and conditions 

such as antibodies used, the mIHC staining procedures, image analysis and cell 

density quantitation, spatial tumour region delineation and distribution of positively 

stained cells are fully described in Chapter 2 (page numbers 41-46). 

6.2.1 Survival analysis and Kaplan-Meier (KM) curves  

The patient’s survival post-liver resection was interrogated in two separate univariate 

analysis. First, we investigated if the median distribution of cell count for each 

phenotype had any predictive value in the IM and TC. Secondly, if the spatial 

engagement profile of each phenotype: CD3+  T Lymphocytes (CD3+ CD8- CD103-), 

CD8+ T cells (CD3+CD8+), TRM (CD3+CD8+ CD103+), non-T cells expressing CD8+ or 
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CD103+  and cells expressing α-SMA or E-cadherin), to other phenotypes could be 

predictive of patient outcome according to the median distribution distance. 

6.2.2 Statistical Analysis for tissue segmentation distribution (cell count/HPF) 

 The data was not normally distributed (test for normality using Shapiro-Wilk test); 

therefore, non-parametric analysis was employed. Mann-Whitney U test was 

implemented for comparison between two groups (independent group t-test 

equivalent). Statistical analysis was performed using GraphPad Prism Statistics 

version 8.3 (GraphPad Software, Inc., San Diego CA).  

6.2.3 Code availability 

Customized R functions to assess spatial analyses based (on the x, y coordinates) 

data provided by inForm® software v2.4.2 (Perkin Elmer/Akoya, MA) are available in 

Appendix 4. The ISAT package is available online (Wang, 2018).  

 

6.3 Results 

6.3.1 Spatial tumour region delineation and distribution of positively stained cells 

Twenty-two CLM specimens were collected from patients (19 males and 3 females, 

mean age 61 years) who submitted to liver resection at a Tertiary hospital (Table 8). 

FFPE whole tissue sections from the resected specimens from the entire CLM cohort 

were evaluated by mIHC (OPALTM protocol) to assess T cell markers' presence and 

spatial distribution CD3+, CD8+, and CD103+ and the epithelial-mesenchymal transition 

markers α-SMA and E-cadherin (Fig.S7; see Supplementary Figures and Tables 

section, page number 293). H&E (Fig. 33A, B) and OPAL-stained sections (Fig. 33C) 

were used to determine tissue segmentation (Fig. 33D). Low-resolution images (10X 

magnification) of the whole tissue section were scanned on Phenochart® software 

(Perkin Elmer/Akoya, MA) (Fig. 33C). Using inForm® software (Perkin Elmer/Akoya, 

MA) (Stack et al., 2014) to perform supervised image analysis, the Tissue finder 

algorithm for trainable pattern recognition was implemented. This algorithm is based 

on detecting the tissue morphology's spectral elements; therefore,  tissue 

segmentation was determined as follows: adjacent liver parenchyma depicted in red, 
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invasive tumour margin in blue, and tumour core in green (Huang et al., 2013) (Fig. 

33D). Regions of interest referred to as high-powered fields (HPFs, 20X magnification) 

were defined by fixed stamping on the highest tumour infiltrating lymphocyte (TIL) 

density (Fig. 33C) (Halse et al., 2018) of the CLM to accurately represent the whole 

tumour and adjacent LP as shown in the flow diagram (Fig.S8; see Supplementary 

Figures and Tables section, page number 294). Automated image quantitation 

analysis of the mIHC stained tissues was used to generate and determine the 

percentage distribution of cells positive for the markers CD3+, CD8+, CD103+ and the 

EMT markers α-SMA and E-cadherin within the LP, IM, and TC (Fig. 33E, K). Then cell 

phenotyping was performed on inForm® (Perkin Elmer/Akoya, MA) (Stack et al., 

2014), which uses a machine learning-based trainable phenotype scoring of cells that 

expressed single markers or combined expression as programmed (Fig. 33F), thus 

cells positive for a single marker or a combination of markers are counted only within 

the population of the assigned phenotype (Fig. 33G, K). Based on the markers above 

the following phenotypes were investigated: CD3+ T Lymphocytes (CD3+CD8-CD103-), 

CD8+ T cells (CD3+CD8+CD103-), TRM (CD3+CD8+CD103+), non-lymphocyte infiltrating 

cells expressing CD8+ or CD103+ and cells positive for α-SMA or E-cadherin. A 

composite image of all these cell phenotypes is shown in Fig 33L. Thus, individual 

immune profiles were created for each CLM patient included in this study and 

compared with sclerosed hemangioma samples and infiltrate on normal liver tissue 

(Fig.S9A-C; see Supplementary Figures and Tables section, page number 295). The 

expression was then normalized for exposure confirming that phenotypical 

characterization was represented within each patient sample (Fig.S9D; see 

Supplementary Figures and Tables section, page number 295). The results 

demonstrate wide variation for each phenotype within the patient cohort (Fig. S9D; 

see Supplementary Figures and Tables section, page number 295). There was no 

significant survival difference in the univariate analysis of demographic and surgical 

variables presented in Table 8 (data not shown).  
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Table 8. Clinical, histopathological, and surgical characteristics of the CLM study 

cohort 

Demographic and surgical variables 
Percentage in 

Cohort (%) /(n) 

Gender 

Male 86.36 (19) 

Female 13.63 (3) 

Mean age at liver resection 61.32 

Margin Status 

Margin-negative (R0) 77.27 (17) 

Margin-positive (R1) 22.72 (5) 

Number of tumours 

3 or more tumours 22.72 (5) 

Less than 3 tumours 77.27 (17) 

Tumour size (mm) 

>50 mm 22.72 (5) 

<50 mm 77.27 (17) 

Unilobar vs. Bilobar disease 

Unilobar 72.72 (17) 

Bilobar 27.27 (5) 

Type of Liver rection procedure 

Major 40.90 (9) 

Minor 59.09 (13) 

Simultaneous colonic resection 

Yes 9.09 (2) 

No 90.90 (20) 

Histological growth pattern 

Desmoplastic 31.81 (7) 

Pushing 31.81 (7) 

Replacement 36.36 (8) 

Resection of primary tumour  

Right 22.72 (5) 

Left 4.54 (1) 

Rectum 36.36 (8) 

Recto-sigmoidal 4.54 (1) 

No resection 9.09 (2) 

Unknown 22.72 (5) 
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Neoadjuvant chemotherapy Regimen 

Pre-colonic resection 4.54 (1) 

Pre-hepatic resection 40.90 (9) 

Post-colonic resection 9.09 (2) 

Post-hepatic resection 13.63 (4) 

Pre and Post hepatic resection 4.54 (1) 

Unknown 27.27 (5) 
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Figure 33. Representative microphotographs of the workflow diagram for analysis using Aperio 
ImageScope™, Vectra® imaging and inForm® cell phenotyping. (A) Whole tissue scan H&E stained of 
a CLM. (B) High magnification H&E stained CLM (scale bar: 200μm) (C) Phenochart (Perkin 
Elmer/Akoya, MA) whole tissue scan reviewer (low-powered field) showing High powered Pre-scan field 
(scale bar: 2mm) (D) Tissue segmentation displaying adjacent liver parenchyma (LP) in red, invasive 
tumour margin (IM) in blue, and tumour core (TC) in green (scale bar: 100μm). (E) Nuclear and cell 
segmentation. (F) Cell phenotyping scoring a composite image representing all biomarkers used. 
Pathology views analysis of (G) CD3, (H) CD8, (I) CD103, (J) αSMA, and (K) E-cadherin (scale bar: 
100μm). (L) Representative composite HPF image displayed all phenotypes, including α-SMA and E-
cadherin. Key: Cyan: CD3+, Red: CD8+, Bright Green: CD103+, Purple: CD3+CD8+, light pink: 
CD3+CD8+CD103+, Bright pink: αSMA, and Yellow: E-cadherin (scale bar: 100μm).  
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Firstly, the distribution of cells positive for the markers CD3+, CD8+, and CD103+ was 

investigated (Fig. 34A, C), and then the spatial distribution of the assigned phenotypes 

(Fig. 34 D-H). The spatial distribution of CD3+ T cells (CD3+ CD8- CD103-) and overall, 

was found significantly higher in the IM when compared with LP or the TC (Fig. 34D). 

Subsequently, the staining for CD8+(CD3- CD103-) non-T cells (Fig. 34E), which showed 

significantly higher levels in the IM when compared with LP, was investigated (Fig. 

34E); whereas the spatial distribution of CD103+(CD3- CD8-) non-T cells staining 

showed no significant difference across the liver-tumour interface (Fig. 34F). These 

populations did not co-express CD3, but CD8+ expression, which has also been 

reported on natural killer cells (Ahmad et al., 2014), while and CD103+ is known to 

expressed on dendritic cells (Williford et al., 2019) and tissue-resident NK cells in 

humans (Marquardt et al., 2019). After defining T cell subpopulations expressing 

CD3+CD8+ (CD8+ T cells) (Fig. 34G) and CD3+CD8+CD103+ (resident memory CD8+ T 

cells or TRM) (Fig. 34H). These T cell subpopulations like CD3+ T cells were found in a 

significantly higher percentage located in IM when compared with the TC and LP. 

There was a distinct spatial distribution pattern between T cell populations compared 

to non-T cell populations, which may be related to the specific relationships and 

functions they execute within the liver-tumour interface.  
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Figure 34. Spatial distribution of T Lymphocytes (CD3+CD8-CD103-), CD8+ T cells (CD3+CD8+CD103-), 
TRM (CD3+CD8+ CD103+), and non-lymphocytes expressing CD8+ or CD103+ in the CLM cohort. 
Representative opal-stained images of (A) CD3+, (B) CD8+, (C) CD103+, expressing cells (scale bar: 
100μm). Spatial quantification of immune cell phenotypes in the LP, IM, and TC of (D) CD3+, (E) CD8+, 
(F) CD103+, (G) CD3+CD8+, (H) CD3+CD8+CD103+ as percentage of total cells per HPF (n=22).  (I) 
Representative cell phenotypes stained by OPAL (scale bar: 10μm). (J) CLM immune profile plotted as 
cell count per HPF (20X). Statistical analysis was performed comparing tissue segmentation using 
Mann Whitney U test, Data presented as mean ± SEM. Significantly different data represented by * 
p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001.; not significant (n.s). 
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6.3.2 Spatial and phenotypical characterization of CLM infiltrating immune cells within 

the tumour and adjacent liver parenchyma  

The initial intention was to explore the T cell phenotype distribution; however, there 

was a high frequency of non-T cells expressing CD8 or CD103; thereby, those 

phenotypes were also included in the analysis (Fig. 34I, J). Firstly, the spatial 

distribution of T lymphocytes (CD3+ CD8- CD103-) was investigated (Fig. 34J; [bar 

colour: cyan]), and overall, it was found significantly higher in the IM when compared 

with LP or the TC.  Similarly, subpopulations of CD8+ T cells (CD3+CD8+CD103-) (Fig. 

34J; [bar colour: purple]) and the tissue-resident memory CD8+ T cells or TRM 

(CD3+CD8+CD103+) (Fig. 34J; [bar colour: pink]), had significantly higher percentage 

of cells located in IM when compared with the TC and LP. In general, there were 

significant differences in cell count according to the spatial distribution of T 

lymphocytes and T cell subtypes, which were highly concentrated at the IM, rather than 

in the TC or LP among the CLM patient cohort (Fig. 34J). In contrast, non-T cell 

populations expressing CD8+ (Fig. 34J; [bar colour: red]) or CD103+ (Fig. 34J; [bar 

colour: bright green]) accumulate equally in the IM and TC (Fig. 34J).  The CD8+ T cell 

count (mean 261.9, Std. Error of Mean [SEM] 37.99; p-value =0.0001) and TRM cell 

(mean 82.82 SEM 30.04, p-value =0.0001) was significantly lower in IM, when 

compared with CD3+ (CD8-CD103-) cell count (mean 1348, 169) (Fig. 34J). 

Interestingly, CD8+ (CD3- CD103-) cell count reached a significantly higher level (mean 

221.3, SEM 58.01) when compared with CD8+ T cells (80.70, SEM 43.66) in the TC (p-

value =0.0036). Moreover, a higher cell count was found for CD103+ (CD3- CD8-) (mean 

120.4 SEM 37.48) than for TRM cell account in the TC (Fig. 34J) (p-value = 0.0019). 

Lastly, the percentage of CD8+ T cells (CD3+ CD8- CD103-) and TRM (CD3+CD8+CD103+) 

was calculated relative to the total T lymphocytes expressing CD3+ using the median 

cell count per HPF, and it was found that CD8+ T cells and TRM only accounted for 

17.09% and 1.46% respectively in the IM out of the total number of CD3; whereas in 

the TC, CD8+ T cell represented 3.83% and TRM was only 0.25 % (Table S2).  
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6.3.3 Marker predictive value for CLM patient survival integrating frequency of tumour 

immune infiltrates and spatial distribution 

To determine if these markers could predict OS post liver resection, OS in patients 

whose tumours showed a low marker frequency, defined as below the median cell 

count distribution, as compared with those that had high frequency or above the 

median cell count distribution for tumour infiltrating cell populations in the IM or the 

TC. Using annotated patient data, the effect of the spatial distribution of immune 

infiltration on OS was calculated. In a univariate analysis, the parameters taken into 

consideration were overall frequency and spatial distribution. The median follow-up 

was 5.035 years (range of 1.08-13.41 years) (Table S3). Thus, high levels of CD3+ T 

lymphocytes in the IM showed no significant effect on patient outcome (Fig. 35A), 

while in the TC had a significant effect (Log-rank p=0.0054) (Fig. 35B) (CD3+ median 

cell count in the IM was 1149 and in the TC was 379.8). 

In contrast, high levels of CD8+ T cells in the IM had a significant impact on patient OS 

(Log-rank p=0.0486) (Fig. 34C), while no significant difference was found in the TC 

(Fig. 35D) (CD8+ T median cell count in the IM was 241.2 and in the TC was 15.17). 

There was no survival difference in patients with high levels of TRM expressing 

CD3+CD8+CD103+ compared to those with low levels at either the IM (Fig. 35E) or the 

TC segments (Fig. 35F), (CD3+CD8+CD103+ median cell count in the IM was 20.67 and 

in the TC was 1). Upon interpretation of the inForm®  (Perkin Elmer/Akoya, MA) cell 

phenotyping analysis, it was revealed that cells other than lymphocytes expressed 

these markers, and therefore we followed up analysing them. Any prognostic value of 

these markers towards predicting patient outcome was investigated. There were no 

survival differences associated with the frequency of the non-lymphocyte immune 

infiltrates expressing only CD8+ (CD8+CD3- CD103-) (median cell count in the IM was 

176.8 and in the TC was 143.5) (Fig. 36A, B) or CD103+ (CD103+ CD8- CD3-) (median 

cell count in the IM was 44 and in the TC was 76.67) regardless of their spatial location 

(Fig. 36C, D) (Table S3). In summary, these results indicate that the frequency of the 

particular lymphocyte subpopulation and their spatial location within the tumour 

impacts the patient’s survival outcome. 
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Figure 35. CLM patient survival post-liver resection univariate analysis using the median distribution 
of cell count per HPF and T cell subpopulations' spatial distribution. Patient’s overall survival (OS) 
classified by the median distribution of cell count per HPF of (A-B) T Lymphocytes (CD3+), (C-D) CD8+ 
T cells (CD3+CD8+), (E-F) TRM (CD3+CD8+ CD103+) according to the tissue segmentation. High cell count: 
red line (n=11), Low cell count: blue dash line (n=11). Log-rank (Mantel-Cox) test p-value is annotated.   
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Figure 36. CLM patient survival post-liver resection univariate analysis using the median distribution 
of cell count per HPF and spatial distribution of non- T cell subpopulations. (A- B) CD8+ and (C-D) 
CD103+ populations that did not co-expressed CD3+T lymphocytes, according to the tissue 
segmentation. High cell count: red line (n=11), Low cell count: blue dash line (n=11). Log-rank (Mantel-
Cox) test p-value is annotated.   

 

6.3.4 Spatial expression patterns of α-SMA and E- cadherin in CLM  

Next, the positivity and spatial distribution for α-SMA were examined. α-SMA 

expressed by cancer-associated fibroblasts (CAFs), which is usually prominent within 

desmoplastic reaction tissue (Mueller et al., 2007). Also, the expression of E-cadherin 

was assessed, which is well-documented as homotypic epithelial cell-cell adhesion 

marker (Adams et al., 1998), as EMT marker (Zeisberg & Neilson, 2009), and as 

heterotypic binding marker on epithelial tissues by T cells expressing the integrin 

CD103 (Shields et al., 2019). The results indicate that α-SMA is most strongly 

expressed in the IM and TC and significantly less in the LP (Fig. 37A). The pattern of 
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α-SMA staining indicates that not only CAFs in the tumour stroma were α-SMA-

positive (Fig. 37B) but also pericytes on blood vessels (Fig. 37C).  

The E-cadherin staining pattern was highly heterogeneous throughout the entire CLM 

cohort, with certain specimens displaying strong positivity and others minimal. 

Consequently, overall no significant difference was observed in the spatial distribution 

of E-cadherin expression across the liver-tumour segmentation (Fig. 37D). For 

instance, we found positive E-cadherin expression on the hepatocyte-to-hepatocyte 

junctions and in the junctions of epithelial tumour cells (Fig. 37E). Intriguingly, while 

most E-cadherin staining is associated with junctional staining of hepatocytes and 

tumour epithelial cells, a strong expression of E-cadherin was also found on the 

surface of some tumour infiltrating cells (Fig. 37F). This observation prompted us to 

investigate whether E-cadherin colocalizes on any of the immune cells, T lymphocytes 

or non-lymphocytes characterized above. A colocalization analysis discovered that a 

small proportion of CD8+ T cells intrinsically expressed E-cadherin (Fig. 37G).  
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Figure 37. Spatial expression patterns of α-SMA and E- cadherin in CLM and colocalization of E-
cadherin expression on CD8+ T cells. (A) Spatial quantification of α-SMA staining in the LP, IM, and TC 
(B) α-SMA positive cancer-associated fibroblast in the tumour stroma (scale bar: 100μm) and (C) α-
SMA positive pericytes on blood vessels (scale bar: 100μm) Key: Bright pink: αSMA. (D) E-cadherin 
staining in the LP, IM, and TC (E) at the hepatocyte-to-hepatocyte junctions and in the junctions of 
epithelial tumour cells. Key: Yellow: E-cadherin (scale bar: 100μm). (F) E-cadherin expression by 
CD3+CD8+ T lymphocytes (G) Composite image displaying the expression of CD3+, CD8+, E-cadherin on 
the surface of CD8+ T cells (scale bar: 10μm). The colocalization map indicates in bright green the 
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position of the co-expression of all three markers. (H) Cell count per HPF was calculated in the invasive 
margin (IM) and (K) in the tumour core (TC). (L) Patient overall survival association with levels of E-
cadherin positive CD8+ T cells in the IM and (M) the TC. Mann Whitney U test, High cell count: red line 
(n=11), Low cell count: blue dash line (n=10). Log-rank (Mantel-Cox) test; Data presented as mean ± 
SEM. Significantly different data represented by ****p<0.0001.; not significant (n.s). 

 

6.3.5 Prognostic value of E-cadherin expressing CD8+ T cells 

Pixel-based colocalization analysis using inForm® (Perkin Elmer/Akoya, MA) (Stack 

et al., 2014) was applied to calculate the percentage of the positive pixel area of CD3+, 

CD8+ and E-cadherin (Fig. 37G, H). The colocalization of the three markers was 

determined statistically by quantitating overlapping components in all images based 

on each component's optical density thresholds (Fig. 37H) and visually, using the 

colour-based colocalization map (Fig. 37G). Intriguingly, one patient showed no 

expression of this subtype in any of the samples analysed. Subsequently, the precise 

location of CD3+, CD8+ and CD3+CD8+E-cadherin+ was analysed and found that the 

mean cell count per HPF for CD3+ was 1516 cells (SEM 206.8), for CD8+ (CD3- CD103-

) was 311.3 cells (SEM 59.12) and for CD3+CD8+E-cadherin+ was 356.2 cells (SEM 

65.16) in the IM (Fig. 37H), whereas total cell count was significantly lower in the TC. 

CD3+ cell count was 96.39 (SEM 20.97), CD8+ was 44.30 (SEM 16.75) and CD3+CD8+E-

cadherin+ 5.47 (SEM 1.79) in the TC (Fig. 37I). The prognostic value of CD8+ T cells 

expressing E-cadherin was evaluated. High numbers of T cells expressing CD3+CD8+E-

cadherin+ in the IM had no significant impact in patient OS (Fig. 37J), while a 

significant difference was found in the TC (Log-rank p=0.0390) (Fig. 37K). Then, to 

evaluate whether intrinsic expression E-cadherin on CD8+ T cells could indicate 

activation status (Morikawa et al., 2002), a small subset of whole tissue sections of 

samples with CD3+, CD8+, E-cadherin and Forkhead box P3 was stained (FoxP3). The 

average colocalization percentage of CD3+, CD8+, E-cadherin and FoxP3+ was 

significantly lower than the co-expression of all three markers in a CLM subset 

(0.0002%); hence the expression of FoxP3+ on CD3+CD8+E-cadherin+ was barely 

detectable (Fig.S10; see Supplementary Figures and Tables section, page number 

296). 
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6.3.6 Spatial near neighbour relationships of T Lymphocytes influence the survival of 

CLM patients 

It was hypothesized that T-lymphocyte subpopulations in the TME communicate and 

exert their influence on their nearest neighbour cells and that their spatial engagement 

may be a marker of predictive value for survival (Fig. 38A). First, the colocalization 

analysis was implemented using inForm® to identify unique cells using cartesian 

coordinates (x and y) (Stack et al., 2014). Secondly, cell populations were labelled 

according to the immune markers expressed (i.e., CD3+  T Lymphocytes (CD3+ CD8- 

CD103-), CD8+ T cells (CD3+CD8+CD103-), TRM (CD3+CD8+ CD103+), non T cells 

expressing CD8+ or CD103+ and cells expressing α-SMA or E-cadherin. After cells were 

labelled for each inForm®  (Perkin Elmer/Akoya, MA) (Stack et al., 2014) raw data file, 

the spatial relationships for all the types of cells were investigated, including E-

cadherin expressing CD8+ T cells, to understand their function and interaction with 

other cell phenotypes. These spatial engagement patterns were explored by 

evaluating cell population distances using the R package Inter-cellular Spatial Analysis 

Tool bioinformatic approach (Wang, 2018). Thus, the nearest neighbour (NN) 

distances were computed between the CD8+ T cells expressing E-cadherin and other 

cell phenotypes, including T lymphocytes CD3+ (CD8-CD103-), CD8+ T cells 

(CD3+CD8+CD103-), TRM (CD3+CD8+CD103+), CD8+(CD3- CD103-), and CD103+ (CD3- 

CD8-) (Fig. 38B,C). The cut-off distances for spatial engagement were set at 30µm. 

The NN median distance distribution of CD8+ T cells expressing E-cadherin identifying 

that they locate near CD103+ (CD3-) non-lymphocytes, closely followed by T 

lymphocytes CD3+ (CD8-CD103-) and CD8+(CD3- CD103-) non-lymphocytes. The 

farthest median distance distribution was found between TRM and CD8+ T cells (Fig. 

38B). The pattern of engagement for CD8+ T cells that do not express E-cadherin 

largely displayed a similar NN distance with CD103+ (CD3-), T lymphocytes CD3+ (CD8-

CD103-) and CD8+(CD3- CD103-), but still far from CD8+ T cells expressing E-cadherin. 

The spatial engagement between CD8+ T cells and TRM was not possible to ascertain 

in the HPFs used in the colocalization analysis of CD3+, CD8+ and E-cadherin because 

no TRM expressing cells were found in some of these samples to calculate the distance 

to CD8+ T cells (Fig. 38C).  
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In a separate analysis using cartesian coordinates (x and y) extracted with the cell 

phenotyping algorithm, NN distances were computed between all phenotypes 

included in the study to explore how they would spatially engage at 30µm (Fig. 38D). 

In addition to that, “the effective percentage of engagement” was quantified by 

analysing not only the mean distribution distance profile for each immune cell subtype 

identified in this study but also to estimate the difference in the proportion of each 

relationship (Huang et al., 2019). The distance of engagement was set 30µm, CD3+ T 

lymphocytes (box colour: cyan), predominantly engaged with CD8+(CD3-) (box colour: 

red), then CD103+(CD3-) (box colour: bright green) and CD8+ T cells (box colour: purple) 

(median above 25%); whereas the relationship between CD3+ T lymphocytes and TRM 

(box colour: pink) showed a significantly decreased engagement (median lower than 

25%) (Fig. 38D). In the case of CD8+ T cells, they seemed to largely engage with CD3+ 

T lymphocytes (median above 75%), followed by CD8+(CD3-) and CD103+ (CD3-) with 

a median effective percentage of engagement below 50%). Lastly, a significantly low 

proportion of CD8+ T cells engaged with TRM (Fig. 38D). When comparing the spatial 

engagement profile of TRM, they are closer to CD3+ T lymphocytes than CD8+ T cells, 

but they still engaged more effectively with T cell subtypes (median above 50%) than 

with CD8+(CD3-) and CD103+ (CD3-) (Fig. 38D). 

On the other hand, the non-T cell populations expressing CD8+(CD3-) and CD103+ (CD3-

) showed a comparable interaction pattern with T lymphocyte subtypes. For instance, 

both cell types engaged mainly with CD3+ T lymphocytes followed by CD8+ T cells, 

then with each other and lastly only poorly engaged with TRM (Fig. 38D). No significant 

difference was found in any immune cell phenotype engagement pattern to cells 

expressing α-SMA (Fig. 38D), while their engagement with E-cadherin expressing cells 

was at different NN proximity for engagement depending on the particular phenotype 

(Fig. 38D). The median percentage of engagement between CD8+(CD3-), CD103+ (CD3-

) and E-cadherin was above 50%, while CD8+ T cells and TRM was equal to or below 

50%. Other T Lymphocytes comprised within the heterogeneous population of CD3+ T 

(CD8-CD103-) seemed to engage at a higher proportion (Fig. 38D).  

To assess the influence of spatial engagement profiles on CLM patients’ survival post-

liver resection, first patients were stratified according to the NN median distribution 

distance (High n=11; Low n=11). In a univariate analysis of outcome, significant 
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survival differences were found when comparing CD8+ T cells (Log-rank p=0.049) (Fig. 

38E), CD8+(CD3-) (Log-rank p=0.045) (Fig. 38F) and CD103+ (CD3-) (Log-rank p=0.049) 

(Fig. 30g) engagement with E-cadherin. The results indicated that less engagement or 

higher distribution distance to E-cadherin had a significantly better OS than those 

samples with a lower median distance distribution (Fig. 38E, G). In contrast to this, 

CD8+ T cells close to either α-SMA (Log-rank p=0.022) (Fig. 38H) or TRM (Log-rank 

p=0.07) (Fig. 38I) indicated a better outcome than in those samples that had a greater 

median distance distribution. Likewise, high CD8+(CD3-) engagement with either α-

SMA (Log-rank p=0.049) (Fig. 38J) or TRM (Log-rank p=0.023) (Fig. 38K), showed a 

protective effect.  
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Figure 38. Nearest neighbour spatial relationships of T Lymphocytes and their influence on patient 
survival. a Schematic representation of T lymphocytes subpopulations in the TME and their nearest 
neighbour (NN) cells. (A) The median distribution distance was computed using ISAT (see methods); 
between (B) E-cadherin positive CD8+ T cells (CD3+CD8+E-cad+) to other immune cell phenotypes (C) 
CD8+ T cells to other immune cell phenotypes. (D) The effective percentage of engagement of CD3+T 
lymphocytes, CD8+ T cells, CD103+TRM, and CD8+ CD3- and CD103+ CD3- non-T cells are shown within a 
cut-off of 30 µm. Patient overall survival was interrogated stratifying according to the median 
distribution distance between E-cadherin and (E) CD8+ T cells, (F) CD8+CD3- non-T cells, and (G) C103+ 
CD3-non-T cells, between CD8+ T cells and (H) α-SMA and (I) TRM, between CD8+CD3- non-T cells and (J) 
α-SMA and (K) TRM. Log-rank p-value is annotated. Comparisons of cell populations or subpopulations 
were performed using the Kruskal−Wallis test, followed by a pairwise Mann−Whitney test adjusted by 
Bonferroni to identify the pairs significantly different. Statistical significance was calculated at a p-value 
of 0.05. *p < 0.05, **p < 0.01, ***p < 0.001. 

6.3.7 Histologic growth patterns influence the spatial distribution of infiltrating immune 

cells and EMT markers  

The second part of this study investigated whether the type of tumour growth 

influences spatial immune cell distribution. Histological evaluation by an anatomical 

pathologist (D.W) of the 22 CLM specimens defined seven desmoplastic, eight 

replacement and seven pushing growth patterns according to their tumour invasive 

interface (Fernández Moro et al., 2018) (Table 8). The desmoplastic growth pattern is 

characterized by extensive reactive stroma at the tumour liver interface, replacement 

growth pattern has the least stroma, and there is no clear boundary at the tumour-liver 

interface. In contrast, the pushing growth pattern is characterized by distorted, often 

flattened hepatocytes at the tumour-liver interface as seen in and depicted in the 

cartoon (Fig.S11; see Supplementary Figures and Tables section, page number 297). 

In all three growth patterns, the highest accumulation of CD3+ T lymphocytes was 

found in the IM (Fig. 39A-C), but the levels only reached a significant difference 

between the LP and the IM in the desmoplastic and replacement pattern (Fig. 39A, B), 

whereas a significant difference was observed between the IM and TC in the 

desmoplastic and pushing pattern (Fig. 39A, C). 

Similarly, the highest cell counts of CD8+ T cells occurred in the IM for all three growth 

patterns (Fig.  39A-C), but only significantly different from the TC in the desmoplastic 

and pushing patterns (Fig. 39A, C). There was a significantly different TRM distribution 

between the IM and the TC in the replacement pattern (Fig. 39B), while in the pushing 

pattern, there was distinct accumulation in the IM more than in the LP (Fig. 39C). No 

change was observed in the TRM distribution in the desmoplastic pattern across the 

liver-tumour interface (Fig. 39A). A similar pattern of distribution for CD8+(CD3-) was 
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found in the desmoplastic and replacement histologic subtype indicating a more 

significant accumulation in the IM more than in the LP (Fig. 39A, B); whilst there was 

no difference in the accumulation of these cells within IM and TC in the pushing 

pattern (Fig. 39C). No significant difference was found in the distribution of 

CD103+(CD3-) across the liver-tumour interface. Altogether, there was no significant 

difference in the cell count of CD3+ T lymphocytes, CD8+ T cells and TRM when the three 

different growth patterns were compared, or when compared with the average cell 

count of the entire cohort of CLM, neither in the IM (Fig. 39D) nor the TC (Fig. 39E). 

Regarding the other staining markers, only the replacement pattern showed a 

significantly higher E-cadherin expression in the TC compared with the IM (Fig. 39F).  

There was a trend for a higher expression α-SMA in the IM compared with the TC and 

LP for the desmoplastic and pushing patterns; but not in the replacement pattern (Fig. 

39G), which seemed to have a similar α-SMA expression between the IM and TC (Fig. 

39G, H). 
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Figure 39. Comprehensive immune profile characterization of the three dominant histologic growth 
patterns of CLM relative to their distribution. Representative H&E microphotographs (scale bar: 
200μm), low magnification (10X) and HPF Opal-stained images displaying all immune phenotypes and 
cells positive for α-SMA or E-cadherin, of (A) desmoplastic (n=7), (B) replacement (n=8) and (C) pushing 
(n=7) tumour growth patterns (scale bar: 100μm). Graphs show the spatial distribution and immune 
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cell phenotype count at the liver parenchyma (LP), the invasive tumour margin (IM) and the tumour core 
(TC). Key: Cyan: CD3+, Red: CD8+, Bright Green: CD103+, Purple: CD3+CD8+, light pink: CD3+CD8+CD103+, 
Bright pink: αSMA, and Yellow: E-cadherin. T lymphocyte count in the three main tumour growth 
patterns compared with the average cell count of the entire cohort of CLM (D) at the IM and (E) the TC. 
Spatial expression of (F) E-cadherin and (G-H) α-SMA in the three tumour growth patterns (scale bar: 
100μm). Statistical analysis was performed across the cohort (n= 22) using Mann Whitney U test. Data 
presented as mean ± SEM. Significantly different data represented by * p<0.05 and ** p<0.01. 

 

6.3.8 Correlation Between Frequency and Spatial Distribution in the histologic growth 

patterns  

It was hypothesized that patterns of tumour immune cell infiltration might be dictated 

by the CLM histologic growth pattern, which is determined by the definitive presence 

of an invasive margin, and whether the tumour mass would comprise a vast area of 

tumour stroma or the core would consist mainly of tumour cells (Höppener et al., 2019; 

van Dam et al., 2017) (Fig. S12). Thus, to evaluate whether there was any correlation 

between the frequency of all cell phenotypes and their spatial distribution in the liver-

tumour interface compared to the three distinct histologic growth patterns. A positive 

correlation between the distribution of CD3+ T lymphocytes in the IM and TC for the 

desmoplastic pattern was found (r 0.891, p=0.007) (Fig. 40A). Also, there was a strong 

correlation between the distribution of CD3+ T lymphocytes in the TC and CD8+ T cells 

in the TC for desmoplastic (r 0.922, p=0.003) (Fig. 40A) and replacement (r 0.956, 

p=2.072e-004) pattern (Fig. 40B). Interestingly, there was a strong positive correlation 

between CD8+ T cells and CD8+(CD3-) cells in the IM (r 0.949, p=3.142e-004) and the 

TC (r 0.961, p=1.448e-004) in the replacement pattern (Fig. 40B). Only the pushing 

pattern indicated a positive correlation between α-SMA in the TC and the TRM in the IM 

(r 0.802, p=0.017) (Fig. 40C). Additionally, CD8+(CD3-) cells located in the IM displayed 

a positive correlation with CD8+(CD3-) cells in the TC in the pushing pattern (r 0.854, 

p=0.007) (Fig. 40C). Collectively, these results showed a strong positive correlation 

between the histologic growth pattern and the frequency of the cell populations 

included; therefore, the phenotypic immune profile needs to be assessed not only cell 

density and the spatial distribution across the tumour interface; but also their 

proximity between each other to infer on the prognostic relevance of these 

immunologic cell markers. 
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Figure 40. Correlation between cell phenotypes in the three dominant tumour growth patterns. 
Correlation matrix using Pearson r was computed using the frequency of all cell phenotypes and their 
spatial distribution for (A) desmoplastic (n=7), (B) replacement (n=8), and (C) pushing (n=7) growth 
pattern. Significant different correlations are annotated. 
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6.3.9 Spatial Engagement Profile of Desmoplastic and Pushing Pattern Differed from 

Replacement Pattern  

Previously,  the spatial relationships and their prognostic value within the CLM cohort 

were identified (Fig. 38D, K). According to histologic growth pattern, “the effective 

percentage” of cells paired at 30 µm (distance) was calculated for the spatial 

engagement analysis of immune cells. The spatial of engagement profile for CD3+ T 

lymphocytes (box colour: cyan), CD8+ T cells (box colour: purple), TRM cells (box colour: 

pink), with CD8+(CD3-) cells (box colour: red), and CD103+(CD3-) cells (box colour: 

bright green) in the desmoplastic (Fig. 41A) and pushing pattern (Fig. 41B) was 

similar. In contrast, the effective percentage of engagement between CD3+ T 

lymphocytes, CD8+ T cells, CD8+(CD3-) cells, CD103+(CD3-) cells and TRM cells was 

remarkably lower in the replacement pattern (Fig. 41C) when compared with the 

desmoplastic and pushing pattern (Fig. 41A, B). CD8+(CD3-) cells predominantly 

engaged with CD3+ T lymphocytes, then with CD8+ T cells and CD103+(CD3-) in the 

desmoplastic (Fig. 41A) and pushing patterns (Fig. 41B). There is a significantly larger 

proportion of CD8+(CD3-) cells pairing with CD103+(CD3-) in the replacement pattern 

(Fig. 41C). These results indicate that the desmoplastic and pushing pattern differed 

from the replacement pattern in the cell density distribution and TRM cells' spatial 

engagement profile (Fig. 41).  
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Figure 41. Immune cell spatial engagement in the three dominant tumour growth patterns. The 
percentage engagement between two phenotypes was calculated by counting the number of pair cells 
within the nearest distance cut-off of 30 µm. The effective percentage of engagement of T 
Lymphocytes (CD3+), CD8+ T cells (CD3+CD8+), TRM (CD3+CD8+ CD103+), and CD8+CD3- and CD103+CD3- 
non-T cell populations was analyzed using ISAT (see methods) for (A) desmoplastic (n=7), (B) pushing 
(n=7), and (C) replacement (n=8). Comparisons of cell populations or subpopulations were performed 
using the Kruskal−Wallis test, followed by a pairwise Mann−Whitney test adjusted by Bonferroni to 
identify the pairs significantly different. Statistical significance was calculated at a p-value of 0.05. *p 
< 0.05, **p < 0.01,and ***p < 0.001. 
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6.4 Discussion  

Over the past decade, there has been a rapidly growing interest in delineating the 

prognostic value of T-cells, including CD3+ T lymphocytes, CD4+ T regulatory cells 

(Katz et al., 2013) and CD8+ cytotoxic cells (Lazarus et al., 2018) for the OS of patients 

with CLM (Kong et al., 2019). The heterogeneous nature of TILs and their uneven 

spatial distribution within the TME suggest that the localization-dependent prognostic 

relevance of T cell densities may be a novel predictive biomarker for survival, response 

to cancer chemotherapy (Falco et al., 2016) and immunotherapies (Berthel et al., 2017; 

Halama et al., 2011). Such studies require an intact tumour landscape, but until 

recently, traditional IHC was the only technique available and was limited to detecting 

single markers at a time. A recent study that characterized the TME of deficient 

mismatch repair CLM using mIHC demonstrated an increased infiltration of cytotoxic 

CD3+CD8+ cells, which were often engaged with epithelial cells and impacted OS 

(Lazarus et al., 2018), thus, demonstrating the power of mIHC to reveal predictive 

spatial relationships. In that study, however, randomly selected tissue microarray 

cores were utilized, limiting the positional verification of the immune infiltrates, size 

of each segment of the liver-tumour interface and spatial assessment (Parra et al., 

2017).   

In the present study, CLM sections were used to accurately define the spatial cell 

infiltrate composition and the spatial engagement between nearest neighbouring cells 

using mIHC. Initially, the distribution of three well-known lymphocyte populations, 

including CD3+ T lymphocytes, CD8+ T cells, and TRM, was determined by tumour 

control. For example,  CD8+ T cells have been previously recognized as cytotoxic T 

cells (Kong et al., 2018), and several recent studies reported a significant role of TRM 

in tumour immunosurveillance (Duhen et al., 2018). All three lymphocyte subtypes 

were found in significantly higher IM levels compared with the LP or TC, thus 

confirming previous findings (Berthel et al., 2017; Halama et al., 2011; Wang et al., 

2018). While all three phenotypes occur in higher IM levels, they display a spatially 

differential significant impact in patient OS. Thus, a high density of CD3+ cells in the 

TC was predictive of better OS. This population included all CD4 expressing 

phenotypes (T-helper subpopulations and regulatory T cells) and the CD4-CD8- DNT 

cells and possibly other unconventional T cells (Godfrey et al., 2018). To identify the 
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phenotype associated with the improved OS, additional investigation is warranted, 

given recent studies in an animal model of CLM demonstrating a significant increase 

of a novel DNT population in response to therapy (D. L. Vallejo Ardila et al., 2020). 

Nevertheless, focusing on markers that would differentiate the populations makes it 

feasible to determine the accountable T cell subtype accurately. In contrast, high CD8+ 

T cell levels in the IM were also associated with increased OS. Other studies also 

reported this association in CLM (Katz et al., 2013; Kong et al., 2019; Peng et al., 2019; 

Wang et al., 2018) and other solid cancers (Dieci et al., 2020; Idos et al., 2020). Also, 

high ratios of intratumoral CD8/CD3 T cells have been reported to be more sensitive 

predictors of survival than the density of either phenotype (Peng et al., 2019). There 

was no survival difference in those patients with high levels of TRM expressing 

CD3+CD8+CD103+ compared to those with low levels at either the IM or the TC 

location. The distinct genetic signature of TRM is often defined by the expression of 

several surface markers, including CD69, CD103, CD49a and CD44 (Corgnac et al., 

2018). While in other studies, the intratumoral presence of T cells expressing the 

integrin CD103 has been strongly correlated with a favourable prognosis for cancer 

patients (Dumauthioz et al., 2018), this phenotype was reported to occur in low levels 

in CLM (Duhen et al., 2018) and these findings support this. Despite this fact, in the 

univariate analysis of spatial engagement, a better prognosis was associated with TRM 

and CD8+ T cells' proximity, which has not been previously reported. 

Notably, a novel population of CD8+ T cells expressing E-cadherin was identified, 

which is associated with significant patient OS improvement. This is the first study to 

report this novel phenotype in tumours. A previous study reported E-cadherin positive 

CD8+ T lymphocytes promoting TRM accumulation after systemic lymphocytic 

choriomeningitis virus (LCMV) infection in murine salivary glands (Hofmann & Pircher, 

2011). The precise role of E-cadherin positive CD8+ T cells in tumour 

immunosurveillance remains to be further investigated. 

Many CD8+ and CD103+ cells that did not co-express CD3+ were quantified. While CD8 

and CD103 expression has been reported on human NK cells (Ahmad et al., 2014) and 

NK - like CD8 T cells (Barbarin et al., 2017), both CD8 and CD103 (Williford et al., 2019) 

expression has been reported on DC in mice (Fu & Jiang, 2018). Surprisingly,  high 

levels of their expression have not been considered in many studies investigating T 
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lymphocytes' levels. Traditionally, in tumour studies, CD8 positivity is associated with 

T cells; thus, errors are introduced if the CD3 co-expression is not investigated, as in 

the case of most IHC (Angelova et al., 2018; Halama et al., 2011; Peng et al., 2019; 

Wang et al., 2018). While higher levels of these two cell populations did not predict 

better OS, the longer their spatial distance from E-cadherin, the better the clinical 

outcome OS, similar to CD8+ T cells.  Further analysis is required to characterize the 

exact nature of these non-T cell populations and their implications in tumour growth. 

In other studies, a critical role was reported for CD103+ DC in the cross-priming of 

antigen-specific CD8+ T cells and represents a new perspective for tilting the balance 

between cell immunity versus tolerance to tumour antigens (Fu & Jiang, 2018) 

because the loss of CD103+ DC is known to increase seeding of metastases (Salmon 

et al., 2016).  

The biomarkers α-SMA and E-cadherin were included as their expression have been 

linked to tumour aggressiveness, inflammation, and metastasis (Peng et al., 2019). It 

was suggested that the dense collagen matrix produced by α-SMA+ CAFs presents a 

physical barrier to the infiltration of T lymphocytes (Levental et al., 2009; Salmon et al., 

2012) and compresses tumour blood vessels leading to hypoxia and acidosis in the 

tumour stroma (Levental et al., 2009) impacting the activity of T lymphocytes 

(Calcinotto et al., 2012). However, α-SMA+ stromal cell depletion promotes primary 

tumour progression by inducing immunosuppression in pancreatic cancer (Özdemir 

et al., 2014), while the effect of angiotensin receptor blocker reprogrammed CAF to an 

immune-supportive state (Chauhan et al., 2019).  In this chapter, it was observed that 

a greater spatial engagement between CD8+ T cells and α-SMA+ predict better OS in 

CLM, with a similar finding for the proximity between CD8+(CD3-) cells and α-SMA+. 

These findings and the published literature indicate the complex relationships of α-

SMA+ cells within the TME. Further studies are needed to elucidate their involvement 

with CD8+ T cells and antitumour activity, offering new therapeutic options for immune 

modulation in CLM.  

Contrary to accepted opinion in the literature that strong tumour E-cadherin 

expression is associated with less aggressive and less metastatic tumours, current 

findings challenge this. Thus, it was found that better patient OS when tumour 

infiltrating cells (CD8+ T cells and CD8+ or CD103+ non-T cells) are not near E-cadherin 
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positive cells in the TME. Furthermore, the highest E-cadherin positive tumours display 

a replacement growth pattern associated with a worse prognosis than the other two 

CLM growth patterns (Eefsen et al., 2015). 

Importantly, results indicate that CLM histological growth patterns do not dictate 

changes in overall cell density but display the distinct spatial distribution of T-cell 

subtypes and other immune cells across the tumour landscape. Previous reports had 

shown that desmoplastic growth pattern had higher infiltration than the pushing and 

replacement-type (Nielsen et al., 2014). However, there was no spatial and 

phenotypical characterization of T-cell subtypes (Nielsen et al., 2014).  Thus, the 

desmoplastic pattern featured a lower density of CD8+ (CD3-) cells, whereas the 

replacement pattern had a lower density of CD103+ (CD3-) cells. Their engagement 

profile indicated that in the replacement pattern, TRM would engage poorly with CD3+ T 

lymphocytes, CD8+ T cells, CD8+(CD3-) cells, and CD103+(CD3-) cells. This is the first 

study to report a detailed characterization of how T cell spatial distribution and 

engagement is correlated with the different histologic growth patterns of CLM. 

This study's main limitations were the relatively small cohort of whole tissue 

specimens included because of the limited number of slides that can be manually 

stained using mIHC together with the high cost of the staining procedures and 

automated image analyses previously reported (Remark et al., 2016). Also, the 

retrieval of clinical information including mutation status of specific molecular 

prognostic markers (KRAS, BRAF and MMR), the primary tumour location of these 

patients and neoadjuvant therapies before CLM resection, was not available when 

requested to VCB. KRAS and  BRAF genes are well-known molecular prognostic 

biomarkers associated with poor patient survival (Tsilimigras et al., 2018). The 

differences in neoadjuvant chemotherapy may have caused bias, yet no other study 

has reported any neoadjuvant chemotherapy associations with immune infiltration or 

patient survival (Hof et al., 2019). 
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6.5 Conclusion   

 

Taken together in this study was confirmed published results on the predictive value 

of T-lymphocyte phenotypes in CLM and highlighted the importance of their spatial 

location. Additionally, a novel E-cadherin positive CD8+ T cell phenotype with 

significant OS prognostic value was identified. Several immune cell interactions with 

other immune or stromal cells were also shown to have predictive value. These results 

highlight the clinical importance of performing integrative analysis of the immune 

landscape to identify robust predictive markers, which may help stratify patients using 

the immune score and considering the histologic tumour growth patterns. The use of 

whole tumour sections and the long-term follow-up of these patients enabled 

identifying markers that should be further evaluated in future prospective studies with 

a larger cohort of patients. 
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Chapter 7 

 

Immunomodulatory effects of renin-angiotensin system inhibitors on T lymphocytes 

in human colorectal liver metastases 

 

This chapter aims to investigate the effects of RASi on T lymphocyte composition and 

spatial distribution in human colorectal liver metastases using multiplex 

immunohistochemistry and machine-learning-based algorithms. 

 

This chapter is presented as a regular thesis chapter which includes unpublished 
results.  
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7.1 Introduction  

 

The effects of RASi have been evaluated based on cancer risk susceptibility and 

survival outcomes within large retrospective cohorts, systematic reviews and 

metanalyses, concluding that there are no differences in new cancer incidence 

between patients on RASi medications compared to never-users (Bangalore et al., 

2011; Pinter et al., 2017; Sun et al., 2017; Teo et al., 2011), which was then confirmed 

by the FDA (Perini et al., 2020). However, the potential benefits of RASi in cancer 

patients have been described by individual reports in some cancer types, including 

breast cancer (Chae et al., 2011; Coulson et al., 2017; Rhodes et al., 2009), pancreatic 

cancer (Liu et al., 2017; Mandilaras et al., 2017), gastric cancer (Kim et al., 2012), 

hepatocellular carcinoma (HCC) (Pinter et al., 2017), CRC (Chiang et al., 2014; Ozawa 

et al., 2019) influencing survival outcomes and decreasing the incidence of recurrence 

and metastases (Engineer et al., 2013). Additionally, other favourable effects such as 

preventing cancer treatment-related adverse events (Pinter et al., 2018) and enhanced 

response to bevacizumab on CLM have been associated with RASi (Osumi et al., 

2015). Diverging findings of the potential anti-tumour benefits for patients on RASi as 

antihypertensive medication have been reported in retrospective cohorts studies (Sun 

et al., 2017), which omitted several confounding factors such as tumour heterogeneity, 

tumour stage, hormone receptor status, EGFR2 expression, and neoadjuvant 

treatment (Pinter & Jain, 2017).   

Pre-clinical and clinical evidence (Perini et al., 2020; Pinter & Jain, 2017; Regulska et 

al., 2019) and computational studies (Nowak-Sliwinska et al., 2019; Pereira et al., 

2019) support drug repositioning of RASi as a cancer treatment. Additionally, a meta-

analysis suggested that RASi may improve survival rates depending on the cancer type 

and the class of RASi (Sun et al., 2017). Furthermore, robust functional evidence 

supports the rationale of repurposing both ACEi and ARBs to impair tumour 

progression, tumour vascularization, and metastasis using in vitro and in vivo 

experimental cancer models (Perini et al., 2020).  

In the CLM mouse model, both captopril ACEi and irbesartan (ARB/AT1R antagonist) 

significantly decreased tumour growth and central microvascular density. However, 

there was no impact in survival or tumour necrosis reported by either of these drugs 
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in this study (Neo et al., 2007). More recently, using the same animal model, we have 

shown that captopril upregulates CD3+ T cells, decreases CD4+ T cells and CD8+ T cells 

in the adjacent liver segment while increasing CD8+ T cells and TRM expressing CD103 

in the tumour centre in mice with CLM (D. L. Vallejo Ardila et al., 2020).  In another 

study, Nakamura et al. showed that valsartan and candesartan (ARB/AT1R 

antagonist) enhanced the induction of tumour antigen-specific CD8+ T cells 

(Nakamura et al., 2018). However, there was limited effect to complete the tumour 

destruction, leading to tumour recurrence (Neo et al., 2010; Neo et al., 2007; D. L. 

Vallejo Ardila et al., 2020). Consequently, RASi may potentially be used in combination 

with other cancer immunotherapeutic agents to enhance their efficacy and delivery 

(Martin et al., 2020; Mpekris et al., 2020). 

In previous studies using the MoCR-CLM mouse model, we have shown that captopril 

changes T-cell phenotype levels and their spatial distribution (D. L. Vallejo Ardila et al., 

2020). These results prompt us to investigate T-cell distribution in human CLM in 

specimens collected at CLM resection. The relevance of integrating spatial phenotypic 

immune profiling of CD3+ T lymphocytes, CD8+ T cells and TRM  on CLM has been 

investigated in chapter 6. The three phenotypes occurred in higher levels in the IM, and 

they showed a spatially differential significant impact in patient OS. Hence, a high 

density of CD3+ cells in the TC and a high density of CD8+ T cells in the IM were 

predictive of better OS on CLM. 

Additionally, it was demonstrated how T cell spatial distribution was determined by 

the CLM growth pattern. This study hypothesised that T-cell density and spatial 

distribution within the TME are modulated by RASi (ACEi/ARBs) and could impact 

patient survival. Chapter 6 is the study's control arm, but as has been shown in that 

study, analysis of the spatial immune cell distribution in patients, even if therapy 

treatments and other confounding factors were not considered, yielded new 

significant and valuable information.  

The current chapter is an extension of the findings in chapter 6. Initially, it was 

hypothesized that T-cell density and their spatial distribution might be modulated by 

RASi (ACEi/ARBs) across different human CLM tissue compartments. Moreover, T cell 

density and spatial dynamic were integrated to determine whether changes in density 

and distribution may influence patients’ survival after CLM resection, using a 
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retrospective cohort that received RASi as antihypertensive medication before 

surgery, compared to patients who had not been on any antihypertensive medications.  

An integrative spatial analysis was performed using machine learning-based 

algorithms to determine differences in cell density and distribution, spatial 

engagement and CLM growth pattern between patients on RASi medications and non-

treated patients after CLM resection. Moreover, it was investigated if these changes 

in the immune infiltration pattern were associated with improved OS. 

7.2 Methods  

A 7-plex OPALTM protocol was used to assess T cell markers' composition and spatial 

distribution (CD3, CD8, FoxP3 and CD103) and the EMT markers (α-SMA and E-

cadherin). The protocol was manually optimized and validated in two independent 

cohorts of FFPE whole tissue specimens of CLM using well-established antibodies, 

single spectral library, negative controls, and biological controls for corroborating 

staining pattern of α-SMA+ (sclerosed hemangioma samples) and immune infiltrates 

(normal liver tissue). The RASi group consisted of twenty-one CLM specimens 

collected from patients on RASi (ACEi and ARBs) for hypertension prior to liver 

resection. In contrast, the control group contained seventeen CLM specimens 

collected from patients who had not been on any antihypertensive medications. Some 

of these specimens were previously stained and analysed in chapter 6. All samples 

were analysed using the same batch analysis algorithm for tissue segmentation and 

cell phenotyping on inForm® software v2.4.2. 

The specific antibodies used, the mIHC staining procedures, image analysis and cell 

density quantitation, spatial tumour region delineation and distribution of positively 

stained cells are fully described in chapter 2 (Human Colorectal Liver Metastases 

immune profiling, page numbers 48-55). 

 

7.3 Statistical analysis  

7.3.1 Cell density analysis 

Cell density (cell/mm2) was calculated by combining cell count from all HPFs 

normalized according to the area of interest (HPF stamp size 3x3= 2046 x 1530 µm, 
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resolution= 0.5 µm equivalent to 1 pixel, x 20 magnification). Data visualization was 

performed using functions in the ggplot2 package for generating graphics and 

pairwise statistical comparisons (Wickham, 2016).  

7.3.2  Survival analysis and KM curves 

The patient’s survival post-liver resection was interrogated in two separate univariate 

analysis to find differences in the immune pattern as follows: intergroup differences 

(RASi high to Control high and RASi low to Control low) and intragroup differences (RASi 
high to RASi low and Control high to Control low).  The median cell density of each 

phenotype was used to stratify patients in whose tumours showed a low density for 

each group (RASi low and control low), defined as below the median cell density, with 

those that had high density (RASi high and control high), or above the median cell density 

in the whole tissue, the LP, IM or the TC. In the first univariate analysis, pairwise 

comparisons were made between RASi high and control high. Subsequently, RASi low was 

compared to control low. In the second univariate analysis, pairwise comparisons were 

performed between  RASi high and RASi low. Successively, control high and control low 

were compared. This involved Log-rank (Mantel-Cox) test comparison between the 

two groups. Statistical analysis was performed using GraphPad Prism Statistics 

version 8.3 (GraphPad Software, Inc., San Diego CA). KM plots (for more than two 

groups) were performed using functions of ggsurvminer included in 

the  ggplot2 package for generating graphics and pairwise statistical comparisons 

(Wickham, 2016). 

 

7.3.3 Code availability 

Customized R functions to assess spatial analyses based (on the x, y coordinates) 

data provided by inForm® software v2.4.2 (Perkin Elmer/Akoya, MA) are available in 

the supplementary material section. The ISAT R package (Wang, 2018) is available 

online. The ggplot2 package for generating graphics is available online (Wickham, 

2016).  
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7.4 Results  

7.4.1 Demographic and clinical characteristics  

Two independent cohorts of FFPE whole CLM sections from thirty-eight resected 

specimens were evaluated by mIHC (OPALTM protocol) to assess the presence and 

spatial distribution of T cell markers CD3+, CD8+, and CD103+ and EMT markers 

including α-SMA and E-cadherin. The RASi group consisted of twenty-one CLM 

specimens collected from patients (17 males and 4 females, mean age 63 years) who 

were submitted to liver resection at a Tertiary Hospital. These patients were selected 

because they had been on RASi (ACEi and ARBs) for hypertension prior to liver 

resection. The list of medications used by patients in the RASi group is shown in Table 

9. The control group contained seventeen CLM specimens collected from patients 

who had not been on antihypertensive medications (14 males and 3 females, mean 

age 61 years). Using annotated patient data previously collected by VCB (Table S4), 

the OS was compared between the RASi cohort and controls. There was no significant 

survival difference between the group that had been on RASi for hypertension before 

liver resection and those that had not been using antihypertensive medications (Log-

rank Mantel-Cox test p=0.821, HR= 1.104, 95% CI of ratio [0.461-2.639]) (Fig. 42). It 

was observed that up to five years of follow-up, the RASi group had better OS than the 

control group (Log-rank Mantel-Cox test p=0. 0143, HR= 2.598, 95% CI of ratio [0.93- 

7.24], the number at risk: Control 9 and RASi 12). 

 

 Table 9. List of antihypertensive medications taken in the Group RASi before liver 

metastasectomy 

ACE inhibitors Sartans 
 

Captopril 
Enalapril 
Fosinopril 
Lisinopril 
Perindopril 
Quinapril 
Ramipril 
Trandolapril 
 

Candesartan 
Eprosartan 
Irbesartan 
Losartan 
Olmesartan 
Telmisartan 
Valsartan 

The data retrieval was performed by VCB based on antihypertensive medications listed in the Australian medicines Handbook 

(AMH) 2015 edition.  
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Figure 42. Overall survival between RASi and Control groups. RASi group is shown in red, and Control 
in blue continues lines. The cause of death was related to the advanced stage of the primary tumour 
(Colorectal cancer). Time is shown in years after CLM resection. Log-rank (Mantel-Cox test) p-value, 
Hazard ratio (HR) and 95% confidence interval (CI) are annotated. 
 

 

7.4.2 Spatial and phenotypical characterization of CLM infiltrating immune cells within 

the tumour and adjacent liver parenchyma in patients using  RASi medications 

OPAL-stained sections were used to determine tissue segmentation for the control 

group (Fig. 43A), and RASi treated group (Fig. 43B). InForm® (Perkin Elmer/Akoya, 

MA) (Stack et al., 2014) software was used to perform supervised image analysis 

using the Tissue finder algorithm for trainable pattern recognition. Tissue 

segmentation was defined as follows: adjacent liver parenchyma depicted in red, 

invasive tumour margin in blue, and tumour core in green (Fig. 43A, B). Regions of 

interest were defined by fixed stamping (HPF stamp size 3x3) on the highest TIL 

density for both groups shown in the pathology view analysis; thus, cell density was 

calculated combining cell count from all HPFs normalized according to the area of 

interest (2046 x 1530 µm) (Halse et al., 2018; Huang et al., 2019) (Fig. 43 A, D).  

 p=0.821, HR= 1.104,  
95% CI [0.461-2.639] 
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Figure 43. Representative microphotographs of the tissue segmentation using Vectra® imaging and 
inForm® pathology view analysis. Tissue segmentation displaying adjacent liver parenchyma (LP) in 
red, invasive tumour margin (IM) in blue, and tumour core (TC) (including tumour stroma and epithelial 
interface) in the green representative image for (A) control and (B) RASi group (scale bar: 100μm). Cell 
marker positivity CD3+, CD8+, CD103+ assess on Pathology view analysis using inForm in the (C) control 
and (d) RASi group (scale bar: 100μm). 
 
 

Image quantitation analysis of the mIHC stained tissues was performed in two 

separate batch analyses using cell phenotyping on inForm® (Perkin Elmer/Akoya, MA) 
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(Stack et al., 2014). In the first batch, the following cell phenotypes were scored: CD3+ 

T lymphocytes (CD3+CD8-CD103-), CD8+ T cells (CD3+CD8+CD103-), TRM 

(CD3+CD8+CD103+), non-lymphocyte infiltrating cells expressing CD103+ and cells 

positive for α-SMA of E-cadherin within the LP, IM, and TC, was scored to compare cell 

density and distribution between the control group and RASi group (Fig. 44A, B). A 

separate phenotype scoring an additional phenotype was assigned to identify CD3+ 

expressing FoxP3+, which was investigated exclusively in the RASi group. Thus, CD3 

positive cells in the first batch contained both the single marker and combination of 

markers CD3+ and FoxP3+ (Fig. 44C).  Tregs express FoxP3, which is required for their 

development and function (Zou, 2006). 

Based on the phenotypes above, cell density and spatial distribution within LP, IM, and 

TC in the RASi group were investigated. The highest T cell density corresponds to CD3+ 

T lymphocytes, which showed significantly higher levels in the IM (median cell density 

(MCD) ≈3300 cells/mm2) compared with TC (MCD ≈2750 cells/mm2; p=0.0029) and 

LP (MCD ≈2250 cells/mm2; p=0.0045). There was no significant difference in the 

number of CD3+ T cells accumulated within the LP and TC. Other T cell subpopulations 

had densities lower than CD3+ T cells (CD3+CD8-CD103-) (MCD ≤1000 cells/mm2), and 

their pattern of distribution differed for each subpopulation. Higher levels of CD8+ T 

cells were located in the IM (p= < 0.0001), followed by the LP and the TC (p= < 0.0001), 

whereas significantly higher levels of TRM were found in the LP compared with IM (p= 

< 0.0001) and TC (p= < 0.0001). Lastly, the levels of CD3+FoxP3+(CD8-CD103-) were 

comparable in the LP and TC, while lower density was found in the IM (Fig. 43C). 

Altogether the cell density and spatial distribution of these three well-known 

lymphocyte subpopulations in the RASi group showed that among CD3+ T 

lymphocytes other than CD8+ T cells, TRM and CD3+FoxP3+ need to be further 

phenotypically characterized since they only account for a rather small percentage of 

the total number of cells encompassed within this population. 
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Figure 44. Cell density calculated for the RASi group relative to their distribution at the liver-tumour 
interface, including FoxP3 cell phenotypes. (A) Representative composite image displaying cell 
subpopulations CD3+, CD3+CD8+, CD3+CD8+CD103+, CD3+FoxP3+, CD103+. (B) Representative cell 
phenotypes stained by OPAL (scale bar: 10μm). (C) Immune profile of RASi plotted as cell density. 
Statistical analysis was performed comparing tissue segmentation using Mann Whitney U test, and 
significant different data is annotated. Key: Cyan: CD3+, Bright Green: CD103+, Purple: CD3+CD8+, light 
pink: CD3+CD8+CD103+ and Orange: CD3+FoxP3+   
 

7.4.3 The effect of RASi on Human CLM alters cell density and spatial distribution of T 

cell populations 

The cell density of CD3+ T lymphocytes, CD8+ T cells and TRM was compared between 

the control group and RASi treated group within the adjacent LP (Fig. 45A, B), IM (Fig. 

45C, D) and TC (Fig. 45E, F). In the adjacent LP, TRM was found significantly higher in 

the RASi group than in control (p= < 0.0001), whereas no significant change was 

defined for CD3+ T lymphocytes and CD8+ T cells (Fig. 45B). In addition, CD8+ T cells 

and TRM subpopulations were significantly higher in the RASi group in the IM when 

compared to control (Fig. 45C, D), while there was a significant reduction of CD8+ T 
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cells in the TC (p=0.0014) (Fig. 45E, F). In general, RASi did not change cell density or 

spatial distribution of CD3+ T lymphocytes within the liver-tumour interface. Also, 

these results demonstrate a broader variation in CD3+ T in the RASi group compared 

to the control (Fig. 45). Instead, the response to RASi was selective by upregulating 

TRM and CD8+ T cells within the LP and IM (Fig. 45A-D), respectively, while only 

decreasing CD8+ T cells in the TC (Fig. 45E, F).  
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Figure 45. Comparison between T-cell density and spatial distribution in the control and RASi group. 
The cell density of T Lymphocytes (CD3+CD8-CD103-), CD8+ T cells (CD3+CD8+CD103-), TRM (CD3+CD8+ 
CD103+) was compared between control and RASi group in (A-B) the adjacent LP, (C-D) IM and (E-F) TC 
(scale bar: 100μm) Statistical analysis was performed using Mann Whitney U test, and significant 
different data is annotated. Key: Cyan: CD3+, Purple: CD3+CD8+ and light pink: CD3+CD8+CD103+. 
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7.4.4 The influence of RASi on CLM patient survival integrating T- cell density and their 

spatial distribution on the liver-tumour interface 

A widespread T cell density was reported within the control and RASi group. 

Comparing the median T cell density of patients on RASi medications against controls 

to infer OS differences after liver resection would not account for such variability. To 

account for the heterogeneity in the immune response observed, both differences 

intergroup (RASi high to Control high and RASi low to Control low) intragroup (RASi high to 

RASi low and Control high to Control low) were interrogated to ascertain the location-

dependent prognostic value for each phenotype. 

The median cell density of each phenotype: CD3+ T Lymphocytes (CD3+CD8-CD103-), 

CD8+ T cells (CD3+CD8+CD103-), TRM (CD3+CD8+CD103+) and non-lymphocyte 

infiltrating cells expressing CD103+, was used to stratify patients. CLM that showed a 

low density for each group (RASi low and control low), defined as below the median cell 

count distribution, with those that had high density (RASi high and control high), or above 

the median cell density in the whole tissue (WT), the LP, IM or the TC. Using annotated 

patient data previously collected by VCB, univariate OS was carried out (Table S5). 

The median follow-up for the RASi group was 77 months (range 7-143 months), and 

for the control group was 47 months (range of 5- 160 months). The effect of RASi on 

cell density and spatial location of immune infiltration on OS was calculated. In a 

univariate analysis comparing RASi high to control high and RASi low to control low, the 

parameters taken into consideration were overall cell density and spatial distribution 

for each group. No significant differences in OS were found when CD3+ T cell density 

was compared between RASi high and control high in any of the tissue segments (Log-

rank p-value: WT= 0.28; LP= 0.31; IM= 0.64 and TC= 0.91). Similarly, no significant 

difference in survival was observed for CD3+ T cells density and distribution across all 

tissue segments in the pairwise comparison between RASi low to control low (Log-rank 

p-value: WT= 0.71; LP= 0.53; IM= 0.87 and TC= 0.78) (Fig. 46A-E). 

The effect of RASi on cell density and spatial distribution of immune infiltration on OS 

was calculated. In a univariate analysis comparing RASi high to RASi low and control high 

to control low, the parameters considered were overall cell density and spatial 

distribution for each group. Thus, high density of CD3+ T cells had a significant impact 

on RASi high patients compared to RASi low in the WT (Log-rank p=0.0064) (Fig. 46A),  
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while no significant difference in survival was observed for CD3+ T cells in the pairwise 

comparison and control high to control low (Log-rank p=0.7) (Fig. 46A). Likewise, high 

levels of CD3+ T cells in the RASi group have a significant impact compared to RASi 
low in the LP (Log-rank p=0.021), whereas no significant difference was found in the 

control group (Fig. 46B). In IM, CD3+ T cells showed no significant difference in 

survival in either group (Fig. 46C). In the TC, CD3+ T cells showed no significant 

difference in survival in either group (Fig. 46D). OS pairwise comparisons for CD3+ T 

cells density for each segment are shown in Fig. 46E. 
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(E)  OS pairwise comparisons for CD3+ T cells density 
Pairwise Comparison  Tissue Segmentation  Log-rank (Mantel-cox) 

p-value 

RASi High to Control High 

WT 0.28 
LP 0.31 
IM 0.64 
TC 0.91 

RASi Low to Control Low  

WT 0.71 
LP 0.53 
IM 0.87 
TC 0.78 

RASi High to RASi low 

WT 0.0064 
LP 0.021 
IM 0.20 
TC 0.078 

Control High to Control Low 

WT 0.7 
LP 0.84 
IM 0.63 
TC 0.18 

 
 
Figure 46. The influence of RASi on CLM patient survival post-liver resection univariate analysis using 
CD3+ T-cell density and spatial distribution. The patient’s overall survival was interrogated using the 
median distribution of CD3+ T cell density in (A) the whole tissue (WT), (B) adjacent liver parenchyma 
(LP), (C) invasive margin (IM) and (D) tumour core (TC)  for the control  (control high in black and control 
low in discontinuous grey line) and RASi group (RASi high in red and RASi low in blue continues lines). 
The number at risk (time in months) (E) Log-rank (Mantel-Cox test) p-value for pairwise comparisons 
were calculated.  
 

To determine whether the spatial distribution of CD8+ T-cells would impact the 

prognosis after liver resection, the prognostic value of CD8+T- cell density was 

explored within the WT, adjacent LP, IM, and TC. No significant differences in OS were 

found when CD8+ T cell density was compared between RASi high and control high in any 

of the tissue segments (Log-rank p-value: WT= 0.12; LP= 0.2; IM= 0.11 and TC= 0.46) 

(Fig. 47A-E). Comparably, no significant difference in survival was observed for CD8+ 

T cells density and distribution in any of the tissue segments in the pairwise 

comparison between RASi low to control low (Log-rank p-value: WT= 0.086; LP= 0.13; 

IM= 0.066 and TC= 0.3) (Fig. 47A-E). Moreover, no significant effect was observed in 

the CD8+ T cell density when comparing RASi high to RASi low, whereas improved 

survival in the Control was high to control low at the WT (Log-rank p=0.04)  (Fig. 47A). 

High levels of CD8+ T cells show a trend of improved survival compared to RASi low 

(Log-rank p=0.053), whereas no significant difference was found in the control group 

(Log-rank p=0.34) at the LP (Fig. 47B). Intriguingly, low levels of CD8+ T cells in the IM 

show an improved survival compared to RASi high (Log-rank p=0.019), while no 
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significant difference was found in the control group (Log-rank p=0.15) (Fig. 47C). In 

contrast, High levels of CD8+ T cells had an impact on survival compared to RASi low 

(Log-rank p=0.053), whereas no significant difference was found in the control group 

(Log-rank p=0.83) in the TC (Fig. 47D). OS pairwise comparisons for CD8+ T cells 

density for each segment shown in Fig. 47E. 
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(E)       OS pairwise comparisons for CD8+ T cells density 
Pairwise Comparison  Tissue Segmentation  Log-rank (Mantel-

cox) p-value 

RASi High to Control High 

WT 0.12 
LP 0.2 
IM 0.11 
TC 0.46 

RASi Low to Control Low  

WT 0.086 
LP 0.13 
IM 0.066 
TC 0.3 

RASi High to RASi low 

WT 0.38 
LP 0.053 
IM 0.019 
TC 0.053 

Control High to Control Low 

WT 0.04 
LP 0.34 
IM 0.15 
TC 0.83 

 
 
Figure 47. The influence of RASi on CLM patient survival post-liver resection univariate analysis using 
CD8+ T- cell density and their spatial distribution. The patient’s overall survival was interrogated using 
the median distribution of CD8+ T cell density in (A) the whole tissue (WT), (B) adjacent liver parenchyma 
(LP), (C) invasive margin (IM) and (D) tumour core (TC)  for the control (control high in black and control 
low in discontinuous grey line)  and RASi group (RASi high in red and RASi low in blue continues lines). 
The number at risk (time in months) (E) Log-rank (Mantel-Cox test) p-value for pairwise comparisons 
were calculated.  
 

To define whether the spatial distribution of CD103+ TRM cells would impact the 

prognosis after liver resection, their prognostic value was explored within the WT, 

adjacent LP, IM, and TC. No significant differences in OS were found when CD103+ 

TRM cell density was compared between RASi high and control high in any of the tissue 

segments (Log-rank p-value: WT= 0.34; LP= 0.73; IM= 0.44 and TC= 0.5) (Fig. 48A-E). 

Comparably, no significant difference in survival was observed for CD103+ TRM cell 

density and distribution in any of the tissue segments in the pairwise comparison 

between RASi low to control low (Log-rank p-value:  WT= 0.18; LP= 0.45; IM= 0.29 and 

TC= 0.39) (Fig. 48A-E). Furthermore, CD103+ TRM cells across the liver-tumour 

segmentations showed no significant difference in survival in either of the groups (Fig. 

48A-E). 

In summary, there is a significant improvement in the survival of RASi treated patients 

when high levels of CD3+ T cells and CD8+ T cells are found in the WT and LP, and 

CD8+ T cells high levels at the TC. There is no influence in survival changes over 

CD103+ TRM cells in any of the spatial locations. 
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(E) OS pairwise comparisons for TRM CD103+ cells density 
Pairwise Comparison  Tissue Segmentation  Log-rank (Mantel-cox) 

p-value 

RASi High to Control High 

WT 0.34 
LP 0.73 
IM 0.44 
TC 0.5 

RASi Low to Control Low  

WT 0.18 
LP 0.45 
IM 0.29 
TC 0.39 

RASi High to RASi low 

WT 0.25 
LP 0.23 
IM 0.58 
TC 0.58 

Control High to Control Low 

WT 0.91 
LP 0.95 
IM 0.19 
TC 0.19 

 
Figure 48. The influence of RASi on CLM patient survival post-liver resection univariate analysis using 
TRM CD103+ T- cell density and their spatial distribution in the IM. The patient’s overall survival was 
interrogated using the median distribution of CD8+ T cell density in (A) the whole tissue (WT), (B) 
adjacent liver parenchyma (LP), (C) invasive margin (IM) and (D) tumour core (TC) for the control ( 
control high in black and control low in discontinuous grey line)  and RASi group (RASi high in red and 
RASi low in blue continues lines). The number at risk (time in months) (E) Log-rank (Mantel-Cox test) p-
value for pairwise comparisons were calculated.  

 

7.4.5 The effect of RASi on Human CLM modifies cell density and spatial distribution of 

non-T cells expressing CD103  

 

The expression of CD103 is also found on DCs (Williford et al., 2019) and tissue-

resident NK cells in humans (Marquardt et al., 2019). A high frequency of non-T cells 

expressing CD103 had been previously reported in human CLM (see chapter 6); 

therefore, it was included in this analysis. Furthermore, FoxP3 had been reported in 

other studies on Tregs expressing CD103 (Allakhverdi et al., 2006; Leithäuser et al., 

2006), but no report of non-T cells was expressing CD103 that co-express FoxP3+. 

Herein, it was discovered a novel non-T cell expressing CD103+ FoxP3+ (Fig. 49A). This 

population was not explored in the control group. The changes in cell density and 

spatial distribution of all phenotypes found for CD103+ (CD3-) due to RASi were 

explored. In the RASi group a significant reduction of CD103+ (CD3-) was found in the 

IM (p= 0.00046) and TC (p= < 0.0001) compared to the control group (Fig. 49B, C). 
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Overall, these results indicate that the cell density and the spatial location of another 

type of immune infiltrates besides T-cells were altered by RASi. 

 

 
Figure 49. Comparison between cell density and spatial distribution of CD103+(CD3-) in the control 
and RASi group. (A) Representative composite indicating novel non-T cells expressing CD103+ FoxP3+ 
phenotype (scale bar: 10μm). (B) the density of CD103+(CD3-) was compared between the control and 
RASi group in the adjacent LP, IM, and TC. (C)  The representative HPF displayed a CD103+(CD3-) 
comparison between control and RASi groups (scale bar: 100μm). 
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To ascertain whether the spatial distribution of non-T cells expressing CD103+ cells 

would impact the prognosis after liver resection, their prognostic value was explored 

at the WT, adjacent LP, IM, and TC. No significant differences in OS were found when 

CD103+ cell density was compared between RASi high and control high in any of the 

tissue segments (Log-rank p-value: WT= 0.63; LP= 0.85; IM= 0.96 and TC= 0.74) (Fig. 

49A- E). Additionally, no significant differences in survival were observed for CD103+ 

cell density and distribution in any of the tissue segments in the pairwise comparison 

between RASi low to control low (Log-rank p-value:  WT= 0.45; LP= 0.64; IM= 0.78 and 

TC= 0.51) (Fig. 49A- E). Furthermore, to determine the prognostic significance of the 

cell density changes of non-T cells expressing CD103+, it was compared RASi high to 

RASi low (Log-rank p-value: WT= 0.26; LP= 0.59; IM= 0.79 and TC= 0.39) and control high 

to control low (Log-rank p-value: WT= 0.91; LP= 0.91; IM= 0.91 and TC= 0.91), the 

parameters taken into consideration were median cell density and spatial distribution. 

There was no impact in survival caused by the changes over non-T cells expressing 

CD103+cells in any tissue segments (Fig. 49A- E). 
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(E) OS pairwise comparisons for non- T cells CD103+ cells density 
Pairwise Comparison  Tissue 

Segmentation  
Log-rank (Mantel-cox) 
p-value 

RASi High to Control High 

WT 0.63 
LP 0.85 
IM 0.96 
TC 0.74 

RASi Low to Control Low  

WT 0.45 
LP 0.64 
IM 0.78 
TC 0.51 

RASi High to RASi low 

WT 0.26 
LP 0.59 
IM 0.79 
TC 0.39 

Control High to Control Low 

WT 0.91 
LP 0.91 
IM 0.91 
TC 0.91 

 
 
Figure 50. The influence of RASi on CLM patient survival post-liver resection univariate analysis using 
CD103+ (CD3-) cell density and their spatial distribution. The patient’s survival was interrogated using 
the median distribution of cell density of CD103+ (CD3-) (A) the whole tissue (WT), (B) adjacent liver 
parenchyma (LP), (C) invasive margin (IM) and (D) tumour core (TC) for the control (control high in black 
and control low in discontinuous grey line)  and RASi group (RASi high in red and RASi low in blue continues 
lines). The number at risk (time in months) (E) Log-rank (Mantel-Cox test) p-value for pairwise 
comparisons were calculated. 

 

7.4.6 The effect of RASi on spatial expression patterns of E- cadherin and α-SMA 

 

The changes in E-cadherin's positivity and spatial distribution (Fig. 51) and α-SMA 

(Fig. 51B) were assessed in the RASi group and control group. The results indicate 

that E-cadherin expression was significantly reduced across the liver-tumour 

segmentation in the RASi group compared to the control (p= < 0.0001) (Fig. 51C, D). 

Instead, α-SMA positive staining was only significantly increased in the LP (p= 

< 0.0001) (Fig. 51C, D). Overall, the changes in the expression of α-SMA positive in the 

RASi group can be associated with an increased number of CAFs in the tumour stroma 

and increased density of pericytes on blood vessels (Fig. 51B). In contrast, E-cadherin 

staining mainly was associated with a reduced expression of the junctional 

hepatocytes and tumour epithelial cells (Fig. 51A).  
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Figure 51. Comparison between cell density and spatial distribution of E-cadherin and α-SMA in the 
control and RASi group. Representative HPF is displaying (A) E-cadherin expression of the junctional 
hepatocytes and tumour epithelial cells and (B) α-SMA comparison between control and RASi group 
(scale bar: 100μm). Arrows indicate CAFs in the tumour stroma and pericytes on blood vessels. (C)  
Representative composite displaying E-cadherin and α-SMA in control and RASi group (scale bar: 
100μm). (D) The density of E-cadherin and α-SMA were compared between the control and RASi group 
in the adjacent LP, IM, and TC. 



200 
 

 
To determine the prognostic significance of the changes on the positivity and spatial 

distribution of E-cadherin and α-SMA, the OS of patients in the RASi group and control 

group was assessed in a univariate analysis. The parameters taken into consideration 

were median cell density and spatial distribution of E-cadherin and α-SMA. No 

significant differences in OS were found when E-cadherin+ cell density was compared 

between RASi high and control high in any of the tissue segments (Log-rank p-value: WT= 

0.59; LP= 0.93; IM= 0.8 and TC= 0.9) (Fig. 52A- E). Additionally, no significant 

differences in survival were observed for E-cadherin+ cell density and distribution in 

any of the tissue segments in the pairwise comparison between RASi low to control low 

(Log-rank p-value:  WT= 0.81; LP= 0.71; IM= 0.95 and TC= 0.55) (Fig. 52A- E). 

There was no impact in survival caused by the changes over E-cadherin in any of the 

tissue segments when it was compared RASi high to RASi low (Log-rank p-value: WT= 

0.83; LP= 0.8; IM= 0.36 and TC= 0.77) and control high to control low (Log-rank p-value: 

WT= 0.57; LP= 0.77; IM= 0.57 and TC= 0.2) (Fig. 52A- E), whilst high levels of α-SMA 

at the LP significantly improved survival in the RASi group (Fig. 53B). No significant 

differences in OS were found when α-SMA + cell density was compared between RASi 
high and control high in any of the tissue segments (Log-rank p-value: WT= 0.38; LP= 

0.36; IM= 0.81 and TC= 0.78) (Fig. 53A- E). In addition, no significant differences in 

survival were observed for α-SMA+ cell density and distribution in any of the tissue 

segments in the pairwise comparison between RASi low to control low (Log-rank p-value:  

WT= 0.25; LP= 0.26; IM= 0.61 and TC= 0.97) (Fig. 53A- E). There was no difference in 

survival caused by the cell density changes on α-SMA in the other of the tissue 

segments when it was compared RASi high to RASi low (Log-rank p-value: WT= 0.53;  IM= 

0.7 and TC= 0.53), while control high to control low showed a significant difference in OS 

α-SMA+ cell density is calculated for the entire tissue (Log-rank p-value: WT= 0.049) 

(Fig. 53A- D). 
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(E) OS pairwise comparisons for E-cadherin density 

Pairwise Comparison  Tissue Segmentation  Log-rank (Mantel-cox) 
p-value 

RASi High to Control High 

WT 0.59 
LP 0.93 
IM 0.8 
TC 0.7 

RASi Low to Control Low  

WT 0.81 
LP 0.71 
IM 0.95 
TC 0.55 

RASi High to RASi low 

WT 0.83 
LP 0.8 
IM 0.36 
TC 0.77 

Control High to Control Low 

WT 0.57 
LP 0.77 
IM 0.57 
TC 0.2 

 
Figure 52. The influence of RASi on CLM patient survival post-liver resection univariate analysis using 
E-cadherin cell density and spatial distribution. The patient’s survival was interrogated using the 
median distribution of cell density of E-cadherin in the (A) WT, (B) LP, (C) IM and (D) TC for the control 
(control high in black and control low in discontinuous grey line)  and RASi group (RASi high in red and RASi 
low in blue continues lines). The number at risk (time in months) (E) Log-rank (Mantel-Cox test) p-value 
for pairwise comparisons were calculated. 
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(E) OS pairwise comparisons for α-SMA density 
 

Pairwise Comparison  Tissue Segmentation  Log-rank (Mantel-
cox) p-value 

RASi High to Control High 

WT 0.38 
LP 0.36 
IM 0.81 
TC 0.78 

RASi Low to Control Low  

WT 0.25 
LP 0.26 
IM 0.61 
TC 0.97 

RASi High to RASi low 

WT 0.53 
LP 0.05 
IM 0.7 
TC 0.53 

Control High to Control Low 

WT 0.049 
LP 0.69 
IM 0.68 
TC 0.89 

 
 

Figure 53. The influence of RASi on CLM patient survival post-liver resection univariate analysis using 
α-SMA cell density and spatial distribution. The patient’s survival was interrogated using the median 
distribution of cell density of α-SMA in the (A) WT, (B) LP, (C) IM and (D) TC for the control (control high 
in black and control low in discontinuous grey line)  and RASi group (RASi high in red and RASi low in blue 
continues lines). The number at risk (time in months) (E) Log-rank (Mantel-Cox test) p-value for pairwise 
comparisons were calculated. 
 
 

7.4.7 The changes of spatial engagement profile of immune cells and EMT markers 

after RASi 

 

To evaluate whether RASi modifies the spatial engagements of the immune cells with 

other cells as an indicator of immune functional relationships, a colocalization 

analysis was implemented using inForm® (Perkin Elmer/Akoya, MA) (Stack et al., 

2014) to identify the relative position of each cell phenotype using their cartesian 

coordinates (x and y). Next, they were labelled according to the immune markers 

expressed (i.e.,  CD3+  T Lymphocytes (CD3+ CD8- CD103-), CD8+ T cells 

(CD3+CD8+CD103-), TRM (CD3+CD8+ CD103+), non T cells expressing CD103+ and cells 

expressing α-SMA or E-cadherin for each treatment group and cell population 

distances were measured using the ISAT bioinformatic approach (Wang, 2018). The 

cut-off distances for spatial engagement were set at 30µm. The NN median distance 

was quantified as “effective percentage of engagement”, analysing the mean 
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distribution distance profile for each immune cell subtype identified and estimating 

the difference in each relationship's proportion (Huang et al., 2019). The results 

indicate a dramatic reduction in the percentage of engagement between CD3+ T 

lymphocytes with CD103+(CD3-) cells (box colour: bright green) in the RASi group 

(median= 25%) compared to the control group (median= 5%); whereas the 

engagement of CD3+ T lymphocytes to TRM cells (box colour: pink) increased in the 

RASi group compared to control (median difference ≈10%) (Fig. 54A). The 

engagement of CD3+ T lymphocytes to CD8+ T cells (box colour: purple) decreased 

approximately 10% in the RASi group, whilst engagement of CD3+ T with E-cadherin 

(box colour: bright yellow) was markedly reduced in the RASi group compared to 

control approximately 40% (Fig. 54A). The profile of engagement CD8+ T cells to 

CD103+ (CD3-) cells was also diminished in the RASi group (median difference = 25%) 

compared to the control group (median= 5%); while their engagement with TRM cells 

improved (Fig. 54B). Interestingly, no significant variation in the pattern of 

engagement was found for CD8+ T cells to CD3+ T lymphocytes in any of the groups. 

In addition, the percentage of engagement of CD8+ T cells to E-cadherin was less in 

the RASi group (Fig. 54B).  Intriguingly, the profile TRM cells to CD103+ (CD3-) showed 

a similar trend as the other T-cells, but with a less pronounced decline in their spatial 

engagement (Fig. 54C). Still, TRM cells engaged less to CD8+ T cells in the RASi group 

(median difference ≈ 25%) when compared to control (median ≈ 50%), while no 

significant difference was observed in the pattern of spatial engagement of TRM cells 

to CD3+ T cells between RASi and control group (Fig. 54C). Also, the percentage of TRM 

cells' engagement to E-cadherin was noticeably lowered in the RASi group compared 

to the control (median difference ≈ 25%)  (Fig. 54C).   

Conversely, the non-T cell populations expressing CD103+ (CD3-) had a distinct 

interaction pattern with T lymphocyte subtypes, particularly compared to TRM (Fig. 

54D). CD103+ (CD3-) engagement to CD3+ T cells was increased from a median of ≈ 

75% to 90%, whereas no change in the engagement between CD103+ (CD3-) to CD8+ T 

cells was found when comparing RASi to the control group (Fig. 54D). In addition, the 

percentage of engagement of CD103+ (CD3-) to TRM cells was higher in the RASi group, 

while their pattern of engagement to E-cadherin was lessened when compared with 

other T-cell populations (Fig. 54D). Altogether, RASi influences the spatial interaction 
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of T-cells and non- T cells, which may also reflect cell density and spatial distribution 

changes.   

 

7.4.8 RASi influences cell density of immune cells and EMT markers in the different 

histologic growth patterns  

 

Histological evaluation by an anatomical pathologist (D.W) defined the 38 CLM 

specimens as five desmoplastic, eight replacement and eight pushing growth patterns 

in the RASi group. In contrast, four desmoplastic, eight replacement and five pushing 

growth patterns were classified in the control group according to their tumour invasive 

interface (Fernández Moro et al., 2018) (Table S4). The desmoplastic growth pattern 

has an extensive reactive stroma at the tumour liver interface; the replacement growth 

pattern has very little stroma and no clear boundary of the tumour-liver interface. In 

contrast, the pushing growth pattern is characterized by distorted, often flattened 

hepatocytes at the tumour-liver interface as depicted in the cartoon (Fig.S10; see 

Supplementary Figures and Tables section, page number 296). 

The density of infiltrating immune cells (T-cells and non-T cells) and the EMT 

mentioned above markers was determined according to the three main growth 

patterns comparing the control and RASi groups (Fig. 55). There was no significant 

difference in density of CD3+ T lymphocytes (box colour: cyan), and CD8+ T cells (box 

colour: purple) between RASi treated group and control in any of the growth patterns 

(Fig. 55), whereas TRM (box colour: pink) showed a significant increase in the pushing 

(p=0.028) (Fig. 55B) and replacement (p= < 0.0001) (Fig. 55C) in the RASi group 

compared to control. However, the desmoplastic pattern did not reach significance 

but indicated a similar trend (p=0.077) (Fig. 55A). On the contrary, the results showed 

a significant reduction of CD103+ (CD3-) (box colour: bright green) in the RASi group 

compared to control in all the growth patterns (Fig. 55A-C). Similarly, there was a 

significant reduction in the expression of E-cadherin (box colour: bright yellow) in the 

three growth patterns (Fig. 55A-C), being more pronounced in the replacement pattern 

(Fig. 55C). Lastly, the expression of α-SMA positive in the RASi group compared to the 
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control group showed no significant difference in any growth pattern, the only trend of 

increased positivity in the desmoplastic growth pattern (Fig. 55A).  

 

 
Figure 54. Nearest neighbour spatial relationships of T Lymphocytes and non-T lymphocytes. The 
effective percentage of engagement of (a) T Lymphocytes (CD3+), (b) CD8+ T cells (CD3+CD8+), (c) TRM 

(CD3+CD8+ CD103+),  and (d) CD103+ populations that did not co-expressed CD3+T lymphocytes are 
shown within a cut-off of 30 µm. 
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Figure 55. The effect of RASi on cell density of immune cells and EMT markers in the different 
histologic growth patterns. Cell density profile of (a) desmoplastic, (b) pushing, (c) replacement growth 
patterns, comparing between control and RASi cohort of CLM calculated for the whole tissue. Data is 
display in cell count/mm2.  
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7.5 Discussion 

 

Accumulating experimental and clinical evidence over the last years suggest that RASi 

have anti-tumour effects that influence overall survival, disease free-survival and 

progression free-survival in cancer patients using RASi as antihypertensive 

medication (Sun et al., 2017). The characterisation of RASi on T-lymphocytes in the 

MoCR-CLM mouse model uncovered the temporal dynamic induced by captopril on 

distinct T-cell subpopulations, including CD3+ T lymphocytes, CD8+ T cells, CD4+ T 

cells and TRM (CD3+CD8+CD103+). Unexpectedly, the most responsive population was 

DNTs. Captopril treatment markedly boosted CD3+ lymphocytes in the adjacent liver 

parenchyma and the tumour region at the early angiogenic stage of tumour 

development, while the CD4+ T cell population was diminished. In addition, a selective 

up-regulation of tumour-specific TRM (CD3+CD8+CD103+) was also found (D. L. Vallejo 

Ardila et al., 2020).  

Several limitations interfere with characterizing the effect of pharmacological 

treatments on immune subsets infiltrating populations and their complex interactions 

with TME. First, the lack of studies describing the distribution of T-cell populations 

within the liver-tumour interface. Second, the absence of exclusive markers between 

populations (Wong et al., 2016), and third the unavailability of a reliable approach that 

allows spatial compartmentalization in an automated, unbiased manner (Komura & 

Ishikawa, 2018). The breakthrough of mIHC to conduct in-depth immunophenotyping 

incorporating up to seven markers enables capturing the complex network 

relationships among the different tissue compartments. Furthermore, supervised 

imaging analysis using inForm™ help incorporating additional variables to cell 

segmentation (nuclear and cytoplasmic compartment), allowing for the Tissue finder 

algorithm's training to compartmentalize according to the presence of an invasive 

margin interface (Stack et al., 2014). Also, mIHC enabled identifying novel immune cell 

types (For example, CD8+ T cells expressing E-cadherin and CD103+ expressing 

Foxp3+), detailing their recruitment patterns as shown in chapter 6 and the response 

behind immunomodulatory treatments (Chuah & Chew, 2020; Gnjatic et al., 2017). In 

this chapter, the results demonstrate that a wide variation in density and distribution 

for each T cell phenotype exists within the control and RASi groups. However, the 
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spatial context of T-lymphocyte subpopulations and EMT markers on human CLM 

using mIHC and machine learning-based algorithms was described, to spatially 

resolve their association with post-liver resection outcome after treatment with RASi 

as antihypertensive medication. 

First, a comprehensive spatial phenotypic profile of the specimens included as part of 

the RASi treated group was performed, which indicated that the highest density 

corresponds to CD3+ T lymphocytes (CD3+CD8-CD103-Foxp3-). CD3+ T lymphocytes 

are accumulated mainly at the IM compared to the TC and LP. The control specimens 

were stained separately under the same conditions as the RASi group, except for the 

Foxp3 marker, which was not included in the staining panel (see chapter 6). Cell 

phenotype scoring was performed for both groups using the identical training set of 

images for the following phenotypes: CD3+ T Lymphocytes (CD3+CD8-CD103-), CD8+ T 

cells (CD3+CD8+CD103-), TRM (CD3+CD8+CD103+) and non-lymphocyte infiltrating cells 

expressing CD103+, using the same tissue segmentation. The computational capacity 

to perform batch analyses limited the number of assigned phenotypes, training 

images, and tissue segmentation accuracy (91%).  

In this chapter and chapter 6, it was observed that the T-cell compartment was highly 

heterogenous, and these may comprise not only conventional but also unconventional 

T-cells. Among those, γδ TCR+  unconventional T cells reside in a high frequency in the 

liver (3-5%) and respond to different types of antigens (Banerjee et al., 2019; Godfrey 

et al., 2015). A similar response was observed on CLM mice, in which DNT (CD3+CD4-

CD8-) were significantly upregulated in response to captopril treatment within the 

tumour (D. L. Vallejo Ardila et al., 2020). No differences in the immune pattern were 

found in the intergroup comparisons (RASi high to Control high and RASi low to Control 
low). In contrast, some markers indicated differences intragroup (RASi high to RASi low 

and Control high to Control low) that impacted OS in CLM patients after liver 

metastasectomy. These differences may suggest that only some individuals may 

respond to the T-cell immunomodulatory effect of RASi.  

Intriguingly, no significant differences were observed when comparing the median cell 

density of CD3+ T lymphocytes across all the tissue segments between the RASi and 

the control groups, but there was a marked heterogeneity within the RASi treated 

group. The immune-modulatory effect of RASi on CD3+ T lymphocytes became evident 
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when RASi high with elevated levels of CD3+ T showed an improved OS compared to 

those with low CD3+ T cell density within the whole tissue assessed. More importantly, 

this effect was not observed in the control group. Despite no changes in CD3+ T 

density, the OS was significantly correlated with increased infiltration at adjacent LP. 

In chapter 6, it was reported that a higher density of CD3+ T lymphocytes in the TC 

influence OS after CLM resection.  

On the other hand, CD8+ T cells were found in a higher density in the IM, while their 

density was lower in the TC in the RASi treated group than the control. Some studies 

reported an association of high CD8+ T cell levels and better OS in CLM (Katz et al., 

2013; Kong et al., 2019; Peng et al., 2019; Wang et al., 2018). However, the specific 

location of these immune cells within the liver-tumour interface was not stipulated, 

which can cause discrepancies with the observed localization-dependent prognostic 

relevance of CD8+ T cells (see chapter 6). High levels of CD8+ T cells in the RASi treated 

group showed significantly better OS than those with low levels in the LP and TC, 

whereas the IM was the opposite. In some studies, CD8+ T cells that accumulate at 

the IM can be considered as poorly immunogenic or infiltrated-excluded (Aki et al., 

2010; Hegde et al., 2016), the majority of these CD8+ T cells displayed feature of 

“exhaustion” (Lanitis et al., 2017). Further functional phenotyping may resolve the 

clinical significance of these findings (Bindea et al., 2013).  

Another study showed that increased infiltration of cytotoxic CD3+CD8+ cells engaging 

with epithelial cells impacted OS in deficient mismatch repair human CLM (Lazarus et 

al., 2018). In this study, the epithelial interface was identified by the E-cadherin 

staining, which in the spatial engagement between nearest neighbouring cells showed 

a decreased percentage of engagement between CD8+ T cells and E-cadherin in the 

RASi group. E-cadherin expression was markedly reduced across all the tissue 

segments in the RASi treated group. In the past, low expression of E-cadherin had been 

associated with invasive metastases development in some epithelial cancer types 

(Berx et al., 1995; Padmanaban et al., 2019; Perl et al., 1998; Vleminckx et al., 1991), 

including CRC (S. A. Kim et al., 2016). Furthermore, there is evidence that E-cadherin 

regulates cell-to-cell adhesion independent of its surface expression (Brieher & 

Gumbiner, 1994); therefore, losing E-cadherin is not required to either undergo an EMT 

or to promote metastases, as it has been widely believed (Na et al., 2020). Instead, 
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multiple processes in the metastatic cascade are regulated by the activation of E-

cadherin. The signalling pathways associated with this process are the Hippo 

signalling pathway (Gumbiner & Kim, 2014; Kim et al., 2011), Wnt pathway (Mendonsa 

et al., 2018), the small GTPases (Nelson & Nusse, 2004), Rac and Rho or PI3Kinase 

(Yap & Kovacs, 2003), which supports the findings that a reduced expression of E-

cadherin by the tumour core epithelial interface may inhibit the activation of pro-

metastatic pathways.  

E-cadherin's immunological functions in Langerhans cells' maturation levels, a type of 

DC found in the skin epidermis, showed that more than being an “anchor” to 

keratinocytes, losing E-cadherin mediated adhesion allowed for their maturation (Riedl 

et al., 2000). Another study reported that the disruption of E-cadherin adhesion 

prompted the elevation of MHCII and activation of antigen processing features in 

other DCs under inflammatory conditions (Jiang et al., 2007). In the present study in 

the RASi treated group, a distinct pattern of decreased E-cadherin engagement was 

found for T-cell and CD103+ non-T cells. In chapter 6, an improved CLM patient survival 

was observed when tumour infiltrating cells (CD8+ T cells and CD8+ or CD103+ non-T 

cells) were located far from E-cadherin positive cells in the TME. Cell density changes 

are generally reflected directly on the spatial engagement when all tissue 

compartments indicated a significant depletion of CD103+ non-T cells in the RASi 

treated group. These cells are most likely to be CD103+ DCs. In chapter 6, it was 

reported that a significant level of CD103+ non-T cells is uniformly distributed across 

the liver-tumour interface and showed no significant correlation with post-liver 

resection OS, which was corroborated by this study.   

α-SMA expression has been used as a signature marker of myofibroblast and an 

indicator of fibrogenic processes (Layton et al., 2020). Besides, α-SMA is one marker 

that identifies CAFs activation (Sahai et al., 2020).  In the RASi treated group, higher 

levels of α-SMA in the adjacent LP, which were positively correlated with OS. Notably, 

at this specific location, the expression may correspond to other cells such as 

pericytes on blood vessels instead of αSMA+ myofibroblast-type CAFs. CAFs can 

contribute to either a tumour immunosuppressive milieu (Özdemir et al., 2014) by 

secreting factors such as CXCL12/CXCR4 (Chen et al., 2019; Feig et al., 2013), or 

immune-supportive (Kraman et al., 2010; Lo et al., 2015) milieu depending on their 
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state of activation. Further phenotypic characterizations of α-SMA+ CAF 

using fibroblast activation protein (FAP) can ascertain the functional impact on the 

activity of cytotoxic CD8+ T (Costa et al., 2018). Additionally, increased levels of  α-

SMA+ CAF may build up to act as a physical barrier to prevent T-cell infiltration 

(Salmon et al., 2012) and increase the ECM stiffness in CLM (Shen et al., 2020). 

Therefore, therapeutic targeting of CAFs aims to reprogram from an active state to a 

quiescent myofibroblast instead of reducing their density, which has been successful 

using AT1R blockers (Chauhan et al., 2013). Furthermore, the immunostimulatory shift 

of CAF leads to active cytotoxic T cell infiltration (Chauhan et al., 2019). These findings 

indicate the complex spatial dynamic of α-SMA+ positive CAF with CD8+ T cells within 

the TME, and further studies are required to manipulate α-SMA+ CAF using ACEi 

therapeutically.  

Several studies support the association between more prolonged survival and  TRM 

(CD3+CD8+CD103+) infiltration in solid tumours such as breast (Z.-Q. Wang et al., 

2016), lung (Djenidi et al., 2015), endometrial (Workel et al., 2016), ovarian (Webb et 

al., 2014), cervical (Komdeur et al., 2017), urothelial (Wang et al., 2015), melanoma 

(Edwards et al., 2018) and CRC (Quinn et al., 2003). However, the CD103+TRM 

subpopulation in this study demonstrated no significant impact after liver resection, 

despite their increased density in the adjacent LP and IM in the RASi group. This effect 

of RASi was consistent across species since expression CD103 on CD8+ T cells was 

found in a higher proportion in the tumour in captopril treated mice (D. L. Vallejo Ardila 

et al., 2020). The enrichment of CD103+ on CD8+ T-infiltrating lymphocytes displayed 

an enhanced T cell receptor (TCR) antigen sensitivity (Le Floc'h et al., 2007), which 

allowed for faster tumour recognition and improved their cytotoxic activity (Abd 

Hamid et al., 2020). In a previous study, a lower proportion of CD103+TRM was found 

in CLM than in HNSCC, lung, ovarian, rectal and CRC microsatellite instable (MSI) high, 

which showed an increased expression of CD39 (Duhen et al., 2018). In a separate 

study, CD103+TRM were found in a more significant number within the tumour 

epithelium than in CRC patients' normal epithelium, particularly in those MSI high 

tumours (Quinn et al., 2003). MMR status of the primary tumour was not analysed; 

therefore, there is a limited understanding of the association between MMR status and 

the distribution of the CD103+TRM and clinical significance for the RASi group.  
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In this chapter, it was reported a novel non-T cell expressing CD103+ FoxP3+. FoxP3 

had been reported in other studies on Tregs expressing CD103 (Allakhverdi et al., 2006; 

Leithäuser et al., 2006), but there was no report of non-T cells expressing CD103 that 

co-express FoxP3+. However, this phenotype needs to be further investigated as it was 

only explored in the RASi group, not included in the phenotype scoring algorithm.  

It must be acknowledged that the limitations of the retrospective cohort design 

including the information and classification biases, which involve not having age-

matched controls, and differentiating between the specific effects of ACEi and ARBs, 

not knowing about  KRAS, BRAF and MMR status and primary tumour location of these 

patients. The clinical information about administering neoadjuvant chemotherapy and 

these patients' primary tumour location was not available for data retrieval. The 

differences in neoadjuvant chemotherapy may have caused bias, yet no other study 

has reported any neoadjuvant chemotherapy associations with immune infiltration or 

patient survival (Hof et al., 2019). Additionally, only a few of the samples used had 

been tested for the presence of mutations on KRAS and  BRAF genes, which are well-

known molecular prognostic biomarkers associated with poor patient survival 

(Tsilimigras et al., 2018); however, their influence on anti-tumour immune response 

and RASi response remains unclear. Additionally, the RASi cohort was selected 

because they had been on RASi (ACEi and ARBs) for hypertension before liver 

resection, whereas the control cohort contained specimens collected from patients 

who had not been on any antihypertensive medications; still, it was not possible to 

age-matched controls, or to separate between the specific effects of ACEi and ARBs 

(Perini et al., 2020). 

 

7.6 Conclusion 

This chapter described the effects of RASi on antitumour immunity in human CLM for 

the first time using a manually validated mIHC approach and machine learning-based 

algorithms for imaging analysis. Therefore, the differences in cell density, spatial 

distribution and engagement can be attributed to RASi treatment. While this study 

needs to be extended to include a larger cohort of CLM patients using automated 

staining procedures and image analysis, the results suggest that RASi could modulate 
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T-cell when used as an antihypertensive medication anti-tumour response. Of 

additional importance, considering disease stage, phenotype, kinetics, and sequence 

of neoadjuvant treatment for CLM may help untangle the resistance to current 

immunotherapies. Adopting mIHC, incorporating complementary single-cell RNA 

sequencing expression patterns and mass cytometry (CyTOF) of patient tissues can 

provide a comprehensive characterization of the immune landscape of CLM patients 

and may inform on treatment regimens. Future prospective studies are necessary to 

delineate better the protective effects and the immunomodulation by RASi in CLM 

patients.  
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8.1 Contributions of the thesis using the MoCR-CLM mouse model  

 
CRC is the second leading cause of cancer-related death for both genders combined 

in high-income countries (Keum & Giovannucci, 2019). More than 50% of CRC patients 

die from liver metastatic disease development (Tomlinson et al., 2007). A relatively 

small group of CLM patients are considered amenable to surgical resection, which 

remains the only potentially curative treatment (Petrowsky et al., 2020), while most 

CLM patients are usually treated with chemotherapy on a palliative basis (Chiorean et 

al., 2020). Innovative approaches to tackle liver metastases development and 

recurrence are needed to improve CRC patients' survival outcomes; therefore, 

advances in the understanding of anti-tumour immune response became critical to 

tailor approaches to current cancer immunotherapy strategies and for the discovery 

of novel prognostic biomarkers. 

Our lab's previous findings demonstrated that RAS inhibition significantly decreased 

tumour growth and central microvascular density in a dose-dependent manner (Neo 

et al., 2010; Neo et al., 2007). In another study, the importance of TAMs in tumour 

control at early-stage liver metastases indicated the potential of captopril to enhance 

the anti-tumour response in mice with CLM (Wen et al., 2013). Furthermore, the 

expression of RAS components had been previously characterized in the various 

immune cells within TME, which include MΦ (Cortez-Retamozo et al., 2013), myeloid-

derived cells (Shen et al., 2014), T-lymphocytes (Crowley & Rudemiller, 2017) and DCs 

(Meng et al., 2017), and in other cell types such as smooth muscle cells (Chen et al., 

2016) and precursor stromal fibroblast (Incio et al., 2016; Masamune et al., 2013; 

Okazaki et al., 2014). Thus, the regulation of the basal gene expression of tumour 

infiltrating immune cells by RASi offers an inroad to expand cancer immunotherapies 

for CLM beyond targeting CD4+Foxp3 Treg and cytotoxic CD8+ TILs. 

This study provides extensive evidence of the potent immunomodulatory effects of 

RASi using an immunocompetent orthotopic mouse model, which recapitulates CLM 

immunological features. The tumour kinetics in the MoCR-CLM model had been 

previously characterized (Kuruppu et al., 1996), which led to the discovery that the 

immunomodulatory effects of RASi occurred before the angiogenic switch that drives 

the exponential growth phase, as shown in chapter 3. The effects of captopril appear 



220 
 

mainly through restraining tumour growth because it affects both the number and the 

size of metastatic foci (D. L. Vallejo Ardila et al., 2020). While RASi immunomodulatory 

effects on T lymphocytes were evident at the early angiogenic stage, tumour control's 

effect became significant at a later time point when a greater number of metastatic 

foci have gone through the exponential growth stage (D. L. Vallejo Ardila et al., 2020). 

The advantages of controlling the genetic and environmental factors of CLM mice 

allowed for precise observations in modulating the anti-tumour immune responses by 

RASi. In this sense, MoCR-CLM can be considered a powerful immune-oncology 

model. 

In Chapter 3, we confirmed previous reports from our research team that captopril 

treatment significantly inhibited tumour growth. Additionally, we demonstrated 

significant modulation of the infiltrating T cell population in both cell density and 

activation. Captopril treatment significantly increased CD3+ T cells in liver and tumour 

tissues, primarily due to the significant increase of DNTs. This study highlights the 

potential role of DNTs in CLM anti-tumor immunity, which until now had only started 

to be investigated in NSCLC (Fang et al., 2019). The immune-suppressive effect of 

human DNTs on CD4+ T cells proliferation was corroborated and attributed to impair 

metabolic activation via mTOR signalling in the context of alloreactive immune 

response (Haug et al., 2019). We also found a significant decrease of CD4+ T cells due 

to captopril treatment. While CD8+ T cells expressing PD1+ and CD103+ were 

significantly upregulated by captopril within the tumour, which may offer an 

opportunity for increase efficacy and durability in response to anti-PD1 treatment 

when combined with RASi (Webb et al., 2014). Improved mouse mIHC panels including 

CD25, FOXP3, CD127 and CD39 can facilitate in-depth phenotypic characterization of 

CD4+ T cells. Also, an accurate assessment of function CD8+ T cell is required to gain 

clues into reducing effector T cell populations observed after captopril treatment. 

FACS sorting can be used to isolate CD8+ T cell from the tumour, then using in vitro 

immune cytotoxic assays such as chromium (51Cr) release assay, the activity of 

cytotoxic CD8+ T cells can be measured in response to captopril. Further functional 

phenotypic characterization of unconventional T lymphocyte populations of TcRαβ+, 

TcRγδ+ and other liver resident subpopulations like CD103+ TRM is needed to identify 

their involvement in tumour control in response to RASi.   
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Apart from T lymphocytes, many other infiltrating immune cells contribute to tumour 

progression, including myeloid cells that differentiate into MΦ, DCs, and granulocytes 

(Gabrilovich et al., 2012). However, deconvoluting the concept that all myeloid-derived 

cells contribute to immune suppression requires individual assessment of myeloid 

populations. In chapter 4, the characterization of myeloid-derived cells distributed 

within the liver and tumour tissues and those that expressed CD31 and co-inhibitory 

molecules like PD-L1 enables a better understanding of their function and phenotype 

in CLM. Moreover, the effect of captopril on myeloid populations in mice with CLM 

was investigated. In that chapter, myeloid cells expressing CD11c+ seem to 

accumulate in the tumour preferentially and then migrate into secondary lymph node 

organs. At the same time, CD11b+ myeloid cells were significantly reduced in the liver. 

ACE inhibition regulates maturation, migration and function of both DCs (Meng et al., 

2017) and myelomonocytes (Lin et al., 2011). CD31 had been previously characterized 

at different stages of maturation of myeloid cells (Ling et al., 1997) and myeloid 

progenitor cells (Bronte et al., 2000), a contradictory criterion that both mature F4/80+ 

MΦ in the liver and TAMs also expressed CD31+. We further investigated the 

phenotypic composition of CD11b+ myeloid cells, and we found that CD31+ myeloid 

cells were significantly diminished in captopril treated mice, particularly the subset 

expressing F4/80- Ly6C intermediate/High. Another study suggested that CD31+ endothelial 

cells were a source of contamination when preparing hepatic MΦ for FACS because 

endothelial cells with parts of MΦ membranes attached to them and are a 

manifestation of isolation procedures (Lynch et al., 2018). More recently, CD31+MDSC 

had been reported in the context of late sepsis (Brudecki et al., 2012; Dai et al., 2015), 

chronic hepatitis B virus infection (Chen et al., 2011) and some tumour-bearing mouse 

models (Connolly et al., 2010; Yang et al., 2004). Altogether these results suggest that 

captopril may have a dual mechanism by impeding tumour angiogenesis and 

reversing TME immunosuppression by targeting the expression CD31. However, 

implementing specific lineage markers is warranted to differentiate between the 

effect of RASi on endothelial progenitors and myeloid cells expressing CD31. Other 

myeloid subsets including MDSC expressing Ly6Chigh (CD31-F4/80-) were also 

markedly reduced by captopril in the liver and tumour, same as MΦ expressing PD-L1+, 

which also support the previous findings that RASi reprograms the TME towards an 
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immunostimulatory milieu by decreasing the inhibitory action of these subsets over T- 

lymphocytes. Further assessment the immunosuppressive activity of MDSC can be 

evaluated by measuring circulating secreting factors like IFN-γ and IL-10 (Groth et al., 

2019) using FACS for detection of cytokine secreting cells. These may provide insights 

into the role of myeloid cells enabling the formation of the pre-metastatic niche of 

CLM and the effect of RASi to prevent liver metastasis and recurrence.  

In chapter 5, the global proteome's characterisation showed that captopril 

differentially regulated the immunoproteasome cluster PSMB8, PSMB10, PSMB5 and 

PSME1. Subsequently, we found that PSMB8 showed a trend of an increased level of 

expression within the tumour in the captopril treated group, while there was no 

detectable expression of PSMB5 within the tumour of mice with CLM. The expression 

of the immunoproteasome has been characterized in several immune cells, including  

DCs, MΦ and activated T-lymphocytes in the context of bacterial infection (Guimarães 

et al., 2018) and viral infection control (Krüger & Kloetzel, 2012; Pang et al., 2006). In 

addition, recent reports have shown the importance of the expression of antigen 

presentation machinery genes to determine additional prognostic factors in the anti-

tumour response and immunotherapy response in solid tumours and hematologic 

malignancies (Kalaora et al., 2020; Kiuchi et al., 2020; Rouette et al., 2016; Tripathi et 

al., 2016). Furthermore, the expression of the immunoproteasome's inducible subunits 

is required to process MHC-I immunogenic peptides and antigen presentation for 

tumour cell recognition (Lee et al., 2020). The underlying principle is that 

downregulation of the immunoproteasome expression may lead to tumour evasion of 

the immune response because it impairs effective cytotoxic CD8+ T cells response 

(Jhunjhunwala et al., 2021). However, there was no previous evidence that the tumour 

can alter the proteasome and immunoproteasome's constitutive expression, reducing 

the presentation of tumour-specific antigens (Jhunjhunwala et al., 2021). 

In chapter 3, we have demonstrated that RASi modulated T-cell mediated anti-tumour 

responses in CLM, congruent with the upregulation of the inducible subunits of 

immunoproteasome the tumour enhancing antigen presentation and tumour 

recognition. Also, we found that the signalling pathways attributed to the captopril 

effect were ubiquitin-dependent and independent proteasomal degradation pathways 

in CLM. Similarly, another study found that ACEi imidaprilat prevents muscle atrophy 
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by regulating the ubiquitin-proteasome proteolytic pathway (Sanders et al., 2005). A 

comparison between the proteome and phosphoproteome changes induced by 

captopril may help predict other candidate proteins and signalling pathways. These 

phosphosites would still need to be validated and correlated with the 

immunomodulatory effect of RASi on T-cell anti-tumour function. Of additional 

importance, the effect of RASi on the tumour immunoproteasome expression and the 

impact on the peptide repertoire may improve T cell therapies targeting a single 

epitope.   

 

8.2 Contributions of the thesis using high-dimensional immune-profiling of human 

CLM   

In chapter 7, we used archival human CLM specimens to investigate the effects of 

RASi on tumour immune infiltration, particularly T lymphocytes and EMT markers.  

As a background study, we used a cohort of whole human CLM FFPE sections to 

manually optimize and validate a customized panel of highly specific monoclonal 

primary antibodies. In addition, we assess the composition and spatial distribution of 

T cell markers (CD3, CD8 and CD103) and EMT markers (α-SMA and E-cadherin), 

paired to TSA Opal technology following general recommendations to ensure quality 

data results (Masucci et al., 2016; Taube et al., 2020) (Appendix 3). Multiplexing 

technologies allow for simultaneous targeting of multiple proteins expressed on a 

single cell level with high precision and accuracy on a single section (Feng et al., 2015).  

Conceptually, mIHC using TSA Opal to immune-profile CLM offers an efficient and 

reliable striping of a broad array of antibodies while maintaining the integrity of whole 

tissue FFPE sections after several cycles of staining. However, the primary constraints 

are the limited number of slides that can be manually stained and the high cost of the 

staining procedures and automated image analyses (Remark et al., 2016). 

Using Vectra 3.0TM multispectral detection platforms, image acquisition can 

deconvolute only between 6-8 plex assays (Stack et al., 2014). Moreover, quantitative 

mIHC is a powerful immunological discovery tool that enables phenotypic 

characterization of novel immune and stroma cells in the TME using inferences from 

well-known phenotypes (Blom et al., 2017; Halse et al., 2018; Lazarus et al., 2018; 
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Stack et al., 2014; Taube et al., 2020; Tsujikawa et al., 2017). Traditionally, the 

histopathological diagnosis was performed by trained humans observing the stained 

specimens on a glass slide using a microscope. New procedures for digital 

pathological image analysis use computer-assisted diagnosis (Komura & Ishikawa, 

2018). Machine learning enables classification accuracy by reducing the variability in 

the interpretations and preventing overlooking essential features in whole slide 

images (Bhargava & Madabhushi, 2016). 

In chapter 6, we performed in-depth CLM immune profiling using machine-learning-

based algorithms. We identified a novel population of CD8+ T cells expressing E-

cadherin with this state-of-the-art methodology, associated with significant 

improvement in CLM patient’s OS. In a previous report, CD8+ T cells expressing E-

cadherin induced TRM accumulation after LCMV infection in murine salivary glands 

(Hofmann & Pircher, 2011). Additionally, we found that a high density of CD8+ T 

lymphocytes in the invasive tumour margin was associated with better patient survival 

in CLM, confirming previous studies (Katz et al., 2013; Kong et al., 2019; Peng et al., 

2019; Wang et al., 2018).  

Unexpectedly, we identified significant levels of CD8+ populations that did not co-

express CD3+. Moreover, CD8 positivity has also been reported on human NK cells 

(Ahmad et al., 2014) and NKT like CD8 T cells (Barbarin et al., 2017), which implies that 

CD8 positivity is not exclusively associated with cytotoxic T cells; thus, inaccuracies 

in the identification of the phenotype may be introduced if the CD3 co-expression is 

not investigated (Angelova et al., 2018; Halama et al., 2011; Millen et al., 2020; Peng 

et al., 2019; Wang et al., 2018).  

T cells' localisation-dependent prognostic relevance after liver metastasectomy was 

investigated using the ISAT bioinformatic approach (Wang, 2018). A recent study 

characterized T lymphocytes' spatial engagement in gastric cancer using the exact 

nearest neighbour spatial relationships approach (M. Wang et al., 2020). This study 

demonstrated that CD4+FoxP3+ preferentially interact with CD8+ T cells and not the 

tumour interface, which could be an independent prognostic marker for gastric cancer 

patients (M. Wang et al., 2020).  Additional mIHC panels of Abs, including CD25, 

FoxP3, CD127 and CD39, can facilitate in-depth phenotypic characterization of CD4+ 

T cells in human CLM tissues.  
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Lastly, in that chapter, we found that the histologic growth pattern of CLM determines 

the spatial distribution and engagement of immune cells. Another report had shown 

that the desmoplastic growth pattern had higher infiltration than the pushing and 

replacement pattern (Nielsen et al., 2014). Instead, we outlined that CLM histological 

growth patterns do not dictate changes in overall cell density but display the distinct 

spatial distribution of T-cell subtypes. In summary, these findings highlight the 

importance of the spatial location and immune cell interactions within the tumour in 

identifying potential prognostic markers and therapeutic targets. 

Chapter 7 is an extension of the findings in chapter 6. We implemented the previously 

optimized 7-plex OPALTM protocol to assess the composition and spatial distribution 

of T cell markers (CD3, CD8, FoxP3 and CD103) and the EMT markers (α-SMA and E-

cadherin) in twenty-one CLM specimens from patients who had been on RASi (ACEi 

and ARBs) for hypertension before liver resection. In contrast, the control group 

contained seventeen CLM specimens collected from patients who had not been on 

any antihypertensive medications. Some of these specimens were previously stained 

and analysed in chapter 6. All samples were analysed using the same batch analysis 

algorithm for tissue segmentation and cell phenotyping on inForm® software v2.4.2. 

In that study, we found that RASi modifies T cell density and spatial distribution of 

CD8+ T cells and CD103+TRM, and high densities of CD3+ T cells and CD8+ T cells in the 

RASi treated group showed significantly better OS than those with low levels in the 

adjacent LP and TC, respectively. However, there was no significant survival difference 

between the group that had been on RASi for hypertension before liver resection and 

those that had not been using antihypertensive medications. In general, the function 

and prognostic value of CD8+ T cells and CD103+TRM have been associated with their 

location within the residency tissue (Szabo et al., 2019). Hence a sustained 

immunomodulatory response may require a deeper insight into the spatial dynamic of 

intratumoral and peripheral T-cells because, at different tumour sites, they may have 

a variable degree of tumour reactivity (Bindea et al., 2013). 

In the RASi group, we found that the CD3+ T cell densities varied widely compared to 

control. A similar response was observed on CLM mice, in which DNTs (CD3+CD4-CD8-

were significantly increased in response to captopril treatment within the tumour (D. 

L. Vallejo Ardila et al., 2020). CD3+ T lymphocyte compartment comprises both 
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conventional and unconventional T-cells; therefore, functional phenotypic 

characterization of unconventional T lymphocyte populations is needed to identify 

their involvement in tumour control in response to RASi.  

In both chapter 6 and chapter 7, we found that the CD103+TRM subpopulation had no 

significant impact on OS post-liver resection. Previous studies correlated high levels 

of TRM with favourable survival outcomes for a patient with CRC and CLM (Duhen et 

al., 2018). High levels of CD103+TRM subpopulation were described in the RASi group 

in the adjacent LP and IM (chapter 7). Also, this finding was consistent across species 

since the expression CD103 on CD8+ T cells was found in a higher proportion in the 

tumour in captopril treated mice (D. L. Vallejo Ardila et al., 2020). Therapeutic options 

to target TRM are also context-specific, and there is still limited understanding of their 

biology (Sasson et al., 2020). CD103+TRM cells most likely play a role in antitumour 

cytotoxic response through αEβ7–E-cadherin interactions (Le Floc'h et al., 2007). 

There are several limitations in the human CLM studies, which had a retrospective 

cohort design. The information and classification biases may have influenced the 

results in chapter 6 and chapter 7. The clinical information about administering 

neoadjuvant chemotherapy and these patients' primary tumour location was not 

available for data retrieval. However, no other study has reported any associations of 

neoadjuvant chemotherapy with immune infiltration or patient survival (Hof et al., 

2019). Additionally, only a few of the samples used had been tested for the presence 

of KRAS and  BRAF mutations, which are molecular prognostic biomarkers associated 

with poor patient survival (Tsilimigras et al., 2018). The influence of anti-tumour 

immune response and RASi response remains unclear KRAS and  BRAF mutations. 

The RASi cohort was selected based on the criteria that they had been on RASi (ACEi 

and ARBs) for hypertension before liver resection, whereas the control were patients 

who had not been on any antihypertensive medications. The small sample size of both 

cohorts is constrained to age-match controls or separation between the specific 

effects of ACEi and ARBs (Perini et al., 2020).  

Finally, we highlight that the usage of whole tumour sections of CLM and the long-

term follow-up of these patients enabled us to discover robust predictive markers. 

However, automated stained procedures and automated image analysis are 

necessary to evaluate a larger cohort of patients. 
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8.3  Clinical translation potential of MoCR-CLM mouse model to benefit patients with 

CLM 

Numerous challenges have been described in the effort of translating cancer 

immunotherapy discoveries from the current pre-clinical models to human immunity, 

which include that the pre-clinical model needs to prioritize in the following: the 

mechanism of action, safety, delivery approaches and treatment dose/schedule  

(Hegde & Chen, 2020). The translatability of these findings into human applications 

can be limited due to the wide variability in the anti-tumour immune responses to drug 

treatments, which are largely influenced by the genetic composition of the individual 

and the tumour (Li & Auwerx, 2020).  

The MoCR-CLM mouse model is a chemically induced CRC animal model like MC38 

(Mosely et al., 2017). The caveat, however, is that the MoCR model uses the 

carcinogen DMH to induce primary colon carcinoma in CBA animals, which is 

commonly used to induce mutations primarily CRC that resembles human CRC 

(Newell & Heddle, 2004). Like MC38, which was isolated from a colon tumour in a 

C57BL/6 mouse following long term exposure to DMH (Corbett et al., 1975). 

Chemically induced colon carcinogenesis leads to a high mutational burden (Corbett 

et al., 1975). Emerging evidence suggests that a high tumour mutational burden 

correlates with the presence of more neoantigens, thereby a better chance of 

triggering an immunogenic T cell response (Jardim et al., 2020). Further studies using 

the MoCR-CLM mouse model should account for the molecular characterization of the 

differences in MSI High and microsatellite stable CLM patients' immune response. 

A strong sexual dimorphism in immune responses may influence the effect of RASi 

(Capone et al., 2018) as some components of the RAS pathway display a sex-biased 

differential expression; hence inequality between the sexes response to RASi 

treatments can be induced (Sullivan, 2008). However, the animal experiments used 

inbred single strain male mice to overcome genetic and sexual dimorphism variability. 

RASi continues to be widely prescribed worldwide despite the low-quality evidence 

that supports their efficacy and safety compared to other first‐line antihypertensive 

medications (Chen et al., 2018). The safety constraints for RASi (ACEi/ARBs) to be 

repurposed as a cancer medication because of the presentation of dose-dependent 

side effects including hypotension as a systemic adverse reaction not only in 
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normotensive and borderline hypertensive individuals but also in patients with heart 

failure with systolic blood pressure below 100 mmHg, ischemic heart disease, 

cerebrovascular disease, hyponatremia, high dose diuretic therapy, renal dialysis, or 

severe volume and sodium depletion (Abraham et al., 2015; Rosano et al., 2018). A 

less common side effect like pulmonary toxicity has also been reported after using 

ACEi at the standard dosage as an antihypertensive medication (Kostis et al., 2005). 

The clinical safety and efficacy could be considered relatively easy for drug 

candidates repurposed, particularly when the same dosage and delivery route have 

been used in preclinical studies and clinical studies (Nowak-Sliwinska et al., 2019). 

Nevertheless, preclinical studies conducted using the MoCR-CLM model 

demonstrated a dose-dependent tumour reduction when captopril (ACEi) was 

administered daily via IP adjusted to the bodyweight of each mouse (750mg/kg), from 

the day one post-tumour induction to endpoint (Neo et al., 2010). The majority of ACEi 

are prodrugs that undergo hydrolysis after oral administration to release the active 

metabolite, except for captopril, a sulfhydryl compound, and can interact with the ACE 

catalytic Zinc ion via their thiol moiety (Sharman et al., 2018). The usual dose range 

for hypertension is 25 to 150 mg twice per day or three times per day. In humans, the 

maximum daily dose of 450 mg should not be exceeded (Chen et al., 2018), whereas 

the MoCR-CLM model tolerated at least thirty times the recommended dosage and 

had no observable detrimental side effects (Neo et al., 2007; D. L. Vallejo Ardila et al., 

2020).  

A previous study compared the effect of ACEi, and ARBs administered on different 

routes. Captopril (ACEi; dose: 750mg/kg) was administered daily via IP, while 

(ARB/AT1R antagonist; dose: 50mg/kg) was administered daily via irbesartan via 

subcutaneous injections in mice with CLM (Neo et al., 2007). Both significantly 

decreased tumour growth and central microvascular density. However, we found no 

report of impacting survival or tumour necrosis by either of these drugs in this study 

(Neo et al., 2007). Recent animal research about the feasibility of translating findings 

recommends for the delivery route to be optimized from systemically administered 

using IP injection (D. L. Vallejo Ardila et al., 2020) or subcutaneous injections (Neo et 

al., 2007) to a locally applied strategy (Martin et al., 2020). Current strategies involved 

systemic administration of drug-loaded nanoparticles (1–1,000 nm in diameter) 
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known as nanomedicine to enhance the tumour-priming effect (Schmid et al., 2018) 

and local (extratumoral) administration to induce anti-tumour immunity (for example, 

NCT02410733). The application of these strategies has shown improvement to 

overcome resistance to immune-checkpoint inhibition and other immunotherapies 

(Goldberg, 2019; Riley et al., 2019) and may potentiate the effects of systemic 

administration of RASi as a cancer immunotherapy agent while avoiding systemic side 

effects.   

The complexity of the translatability of the effect RASi from the CLM mouse model 

into a human was limited by the statistical generalization of individuals immune 

response profile into treatment groups, which represents a challenge to interpret the 

clinical significance of the findings (Fisher et al., 2018). In both mouse and human 

CLM, RASi selectively modulated T-lymphocytes' cell density and spatial distribution 

(Vallejo-Ardila et al., 2018) (Chapter 7). The density changes within each T-cell 

subpopulation in the mouse and human RASi groups and controls may reflect the 

aggregation effect instead of the individual immune pattern profile. A thorough 

interpretation of OS influenced by T-cell density and distribution changes in each 

group is advised due to potential information and selection bias (Chapter 7). These 

biases are typical limitations of collecting clinical information to compare 

retrospective cohorts (Sedgwick, 2014).  

In conclusion, the immune responses to RASi treatments for CLM need to be further 

investigated in both genders' animal models, considering how their genetic 

background affects the immune cell composition. Uncovering the temporal dynamics 

of these effects requires extensive analysis about changes in T-cell composition and 

tumour progression and recurrence that can be related to survival in CLM. Further 

prospective clinical studies are necessary to elucidate genetic and gender differences 

to RASi (ACEi and ARBs) response to define the patient cohort likely to benefit. 

 

8.4 Conclusions and Future directions 

The mechanisms by which RASi reprogram the TME involves modulating the 

spatiotemporal dynamic of diverse immune cell compartments and the pattern of 

expression of immune-related proteins by the epithelial tumour core. The potent 
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immunomodulatory effect of RASi modifies features that limit the efficacy and 

delivery of current cancer immunotherapies in liver metastases. The results presented 

here may be of significant clinical relevance to understand how changes in T-cell 

density and their spatial distribution patterns can be therapeutically manipulated at an 

early angiogenic stage of metastases development.  

The accurate assessment of function CD8+ T effector cells isolated from captopril 

treated tumours is necessary using in vitro immune cytotoxic assays to measure the 

activity of CD8+ T cells in response to captopril. Besides, further functional phenotypic 

characterization of unconventional T lymphocyte populations of TcRαβ+, TcRγδ+ and 

other liver resident subpopulations like CD103+ TRM is needed to identify their 

involvement in tumour control in response to RASi. RASi modulated additional factors 

that influence T-cell antitumour efficacy and antigen presentation. The 

phosphorylation-driven patterns of activation of the immunoproteasome need to be 

better outlined because the overexpression of PSMB8 can be a stronger predictor to 

immunotherapy in certain types of cancer, in CLM remains to be determined. 

The exact molecular mechanism associated with different densities and localization-

dependent prognostic relevance of T cells in the RASi remains unclear. Future studies 

should consider the disease stage, phenotype, kinetics, and sequence of neoadjuvant 

treatment for CLM, which may help untangle current immunotherapies' resistance. 

Also, incorporating complementary single-cell RNA sequencing expression patterns 

and mass cytometry (CyTOF) of peripheral blood from selected patients can provide 

a comprehensive characterization of the immune landscape of CLM patients and may 

inform on treatment regimens. 
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RASi have shown anti-tumour effects that may have a significant impact to enhance 

the efficacy and delivery of current cancer immunotherapies. In chapter one, the 

components of the renin-angiotensin system including both, conventional and 

alternative axis, appear to have divergent effects on types of cancer. The compiling 

evidence about the mechanisms by which RASi impair tumour growth beyond their 

function of modulating tumour vasculature and tumour solid stress. The mechanisms 

by which RASi can reprogram the TME involves impairing hypoxia and acidosis within 

the tumour stroma, regulating inflammatory signalling pathways and oxidative stress, 

modulating the function of the non-cellular components and immune cells, and 

regulating the crosstalk between the kallikrein-kinin system and RAS. In chapters three 

to five, the immunomodulatory effect of RASi on T-cells (chapter 3), myeloid-derived 

cells expressing CD31 (chapter 4), inducible immune proteasome expression (chapter 

5) were investigated using the MoCR-CLM mouse model. 

Moreover, T-cell distribution and the spatial location was explored in human CLM in 

specimens collected at the time of liver resection (chapter 6). Finally, T- cell density 

and distribution changes were compared between a retrospective cohort that received 

RASi as antihypertensive medication before surgery and patients who had not been 

on any antihypertensive medications. Also, it was investigated if these changes in the 

immune infiltration pattern were associated with a better outcome. 

Pre-clinical studies have shown that RASi reduced tumour progression and tumour 

viability in CLM mice. RAS components are expressed by most immune cells and adult 

hematopoietic cells, thus are potential targets for modulating tumour infiltrating 

immune cells and provide a mechanism of tumour control by RASi. The liver's 

organotropism as the most common site for metastases reflects on the anergic status 

before any pro-inflammatory triggering event occurs. The effect of RASi on immune 

landscape and the complex spatiotemporal relationships of T-cell populations 

(chapter 3, 6 and 7), MDSC (chapter 4), MΦ (chapter 4) and DCs (chapter 4, 6 and 7) 

was investigated in CLM.  

The changes in composition and distribution of the immune infiltrate were compared 

between the early angiogenic metastatic stage and the exponential tumour growth 

stage. Captopril treatment significantly increased the infiltration of CD3+ T cells into 

the liver and tumour and altered the phenotypic composition of infiltrating CD4+ and 
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CD8+ T cells and DNT cells. Captopril treatment also increased checkpoint receptor 

PD-1 on CD8+ and DNT subsets analyzed (chapter 3). Also, RASi influenced the 

maturation status and changes in the phenotypical composition of myeloid-derived 

populations. RASi significantly reduces CD31+ monocyte-derived subset F4/80- Ly6C 
intermediates/High, which may have an immunosuppressive function. Also, captopril 

treatment decreased the expression of PD-L1 in mature MΦ, which may reprogram 

them towards an immune stimulatory state (chapter 4). Additional factors can 

determine the efficacy of T-cell anti-tumour function, including the expression of 

immunoproteasome subunits. Captopril treatment differentially regulated the 

immunoproteasome cluster. These proteins are functional subunits of the 

immunoproteasome with major roles in generating peptides for antigen presentation 

and other immunological functions. Captopril upregulates β5i (LMP7 or PSMB8) 

expression while downregulates the constitutive expression β5 (PSMB5) within the 

tumour. Furthermore, functional enrichment inferred that the biological processes and 

pathways modulated were neddylation, proteasomal ubiquitin-independent and 

proteasome-mediated ubiquitin-dependent protein catabolic processes (chapter 5). 

Several prognostic factors have been associated with the patient’s outcome after liver 

resection, including T lymphocytes' frequency and phenotype. A novel population of 

memory CD8+ T cells expressing CD103+ known as resident memory T cells TRM 

showed a strong correlation with a favourable prognosis in some cancers. T-cells 

expressing the integrin CD103 were shown to bind to E-cadherin, an epithelial cell 

junctional protein, enabling their retention and activation. Functionally, the dense 

collagen matrix produced by α-SMA+ cancer-associated fibroblast may represent a 

physical barrier to infiltrating T lymphocytes. Spatial distribution of all three T 

lymphocyte phenotypes was seen in significantly higher levels in the invasive tumour 

margin compared to their density within the liver parenchyma or the tumour centre. 

The density and spatial locations of these phenotypes were related to overall survival. 

Thus, high CD3+ density in the TC or high CD8+ density in the tumour IM predicts a 

significantly better OS. Neither the distribution nor the density of TRM correlated with 

better patient outcome in this study. The E-cadherin staining pattern was highly 

heterogeneous among this cohort of CLM patients. However, a novel population of 

CD8+ T cells expressing E-cadherin was identified, which was significantly correlated 
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with better OS. α-SMA+ staining was strong in the TC and IM and significantly less in 

the LP. However, the high spatial engagement between CD8+ T cells and α-SMA+ cells 

predicts better OS in CLM patients (chapter 6).  These findings highlight the relevance 

of using spatial and phenotypic characterization to investigate immune cell 

interactions within the tumour microenvironment, identify predictive immune patterns 

and potential therapeutic targets and inform future treatments that can modulate the 

number and distribution of immune cells.  

T-cell density and their spatial location were modulated by RASi (ACEi/ARBs) across 

different human CLM tissue compartments (chapter 7). Integrating T cell density and 

spatial dynamic, it was found that changes in CD3+T- cell density and distribution at 

the adjacent LP influence patient survival after CLM resection in patients that received 

RASi as antihypertensive medication (chapter 7). 

Further characterization of unconventional T-cells like the novel E-cadherin positive 

CD8+ T cells, non-T cells expressing CD103+ FoxP3+ may offer insights into CRM 

immune surveillance.  
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Supplementary Figures and Tables  

 

Supplementary figures- Dora et. al (2020) (Chapter 3): Fig.S1 Histological 
quantitation strategy CD3+ and CD4+. Fig.S2 Gating strategy for analysis of 
lymphocyte subpopulations. Fig.S3 Captopril treatment effect the number and size of 
metastatic foci. Fig.S4 Correlation matrix using Pearson r to determine the distribution 
of tumour infiltrating. Supplementary Table 1. FACS panel used in this study.  

 

 
Fig. S1 Histological quantitation strategy. (A) representative microphotographs of IHC CD3 staining; 
(B) representative microphotographs of IHC CD4 staining; marked-up (m) and annotated (a) tumour 
margin (red line) and intratumoral (green line) distribution at day 15 post-tumour induction (Scale bar = 
200 µm).  
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Fig. S2 Gating strategy for analysis of lymphocyte subpopulations. (A) Viability, single cells and 
autofluorescence were used as optimising strategies to analyse the CD3+ lymphocyte subpopulations 
within the total CD45+ leukocyte population in the liver (example given) and tumour. (B) The expression 
of PD1 and CD103 on gated lymphocyte subpopulations on tissues from captopril treated (green line), 
saline-treated (blue dash) and unstained for PD1 and CD103 controls (grey fill). 
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Fig.S3 Captopril treatment effect the number and size of metastatic foci. (A) Number of metastatic 
foci in the control and captopril treatment group at day 15 and day 21. (B) Tumour region area (cm) of 
control and captopril treated group at day 15 and day 21. Datasets expressed as mean ± SEM with n ≥ 
5 mice for each group. 

 
Fig. S4 Correlation matrix using Pearson r to determine the distribution of tumour infiltrating. (A) 
CD3+ and, (B) CD4 + lymphocytes within inner tumour invasive margin and intratumorally. Coefficient r 
(or rs) is shown for each pair of variables: length (µm), area (µm2), tumour margin (TM) positivity, 
tumour core (TC) positivity and total positivity. A heat map of R2 calculating P values (two-tail) was 
generated. Datasets expressed as mean ± SEM with n ≥ 5 mice for each group (equivalent >100 tumour 
regions in each group) excluding tumour region values outliers ROUT (Q=1%). Significantly different 
data is represented by * (p<0.05) 
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Fig.S5 Histological quantitation of CD11b+ and CD11c+. Representative microphotographs of IHC 
annotated of the tumour margin compared to the total area of the tumour of (A) CD11b+ and (B) CD11c+ 
at day 15 post-tumour induction (Scale bar = 100 µm measured from the edge of the tumour in direction 
to the core). The cell density of CD11b+ and CD11c+ measured by the intensity of expression as follows: 
weak positive (in yellow), positive (in orange), and strong positive (in red) in (C-D) the total area of the 
tumour and (E-F) in the invasive tumour margin. 
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Fig.S6 Histological quantitation of F4/80+. Representative microphotographs of IHC annotated of the 
tumour margin compared to the total area of the tumour of F4/80+ (A) at day 15 and (B) day 21 post-
tumour induction (Scale bar = 100 µm measured from the edge of the tumour in direction to the core). 
The cell density of F4/80+ measured by the intensity of expression as follows: weak positive (in yellow), 
positive (in orange), and strongly positive (in red) in the total area of the tumour (C) at day 15 and (D) 
day 21 post-tumour induction. 
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Fig.S7 Methodology for the spatial delineation of tumour regions and spatial immune profiling in CLM. 
H&E staining was used to (A) identify the tumour position within the liver (B) the tumour invasive margin, 
and to select areas of high T lymphocyte cell density for image acquisition. (C) OPAL-stained FFPE  
whole tissue sections (Phenochart) were used to characterize the distinct immune profile of CLM. (D) 
Using the low power image (10X), an average of 10 high-powered fields (HPF) images were selected 
from each CLM (HPF is equivalent to fixed-stamp size 3x3= 2046 x 1530 µm, resolution= 0.5 µm 
equivalent to 1 pixel, x 20 magnification). (E) A panel of immune cell and EMT markers were optimized 
for this study including T Lymphocytes (CD3+), CD8+ T cells (CD3+CD8+), TRM (CD3+CD8+ CD103+), and 
CD8+ and CD103+ populations that did not co-expressed CD3+, α-SMA and E-cadherin.  
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Fig.S8 Study flow diagram for analysis of the tumour microenvironment in Colorectal Liver Metastasis 
using automated Vectra® imaging and inForm® tissue segmentation and cell phenotyping to 
determine the immune infiltrate profiles using multiplex immunohistochemistry. 
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Fig.S9 Individual patient’s immune profiles were compared with sclerosed hemangioma and normal 
liver.  To optimize the antibody detection of CD3, CD8, CD103, αSMA, and E-cadherin using the trainable 
tissue segmentation we compared the percentage of individual immune profiles using a single marker 
and combination of them to characterize T lymphocyte subtypes in the liver peritumoral (LP), invasive 
margin (IM) and tumour core (TC).  Representative microphotographs of the tissue sections stained 
with H&E (scale bar: 200μm) and OPAL-stained (scale bar: 100μm) of (A-B) sclerosed hemangioma 
(SH) and (C) benign liver (BL) were used as technical and biological control. (D) Individual immune 
profiles for each CLM patient (n= 22). 
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Fig.S10 Colocalization analysis of CD3+, CD8+, E-cadherin and FOXp3+. (A) inForm® was to calculate 
the percentage of co-expression of all four markers in a subset of CLM (n=6). (B) The colocalization 
map indicates in yellow the position of the co-expression of all four markers. Pathology views analysis 
of (C) CD3, (D) CD8, (E) E-cadherin (F) FOXp3+ and (G) DAPI counterstained. 
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Fig.S11 Schematic representation of the 3 dominant histologic growth pattern of Colorectal Liver 
Metastases (CLM) and the spatial distribution of distinct immune cells. The histo-morphological 
characteristics of growth pattern and the proposed location of tumour infiltrating population. Adjacent 
liver parenchyma in red (LP), invasive tumour margin in blue (IM) and tumour core (TC) in green. 
Representative microphotographs of (A) desmoplastic, (B) replacement, and (C) pushing growth 
pattern are shown. 
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Supplementary Table 1. FACS panel for mouse studies.  

CD marker fluorophore clone Brand cat # 

CD3e PE 
145-
2c11 BD pharmingenTM  553064 

CD4 APC cy7 GK1.5 BD pharmingenTM 561830 
CD8a PE cy7 53-67 BD Biosciences 561097 
CD103 FITC 2 E 7 Miltenyi Biotec 130-118-681 
CD279 (PD1) APC REA802 Miltenyi Biotec 130-111-801 
CD45  BV510 30-F11 BD Horizon 563891 
CD16/32 pure clone93 Miltenyi Biotech 130-092-574 

 
 
 
Supplementary Table 2. Descriptive statistics of T Lymphocytes (CD3+T-cells), CD8+ T cells 
(CD3+CD8+CD103-), TRM (CD3+CD8+ CD103+), and non-lymphocytes expressing CD8+ or CD103+ in the 
CLM cohort (cell count per HPF). 

 
Cell phenotype CD3+ T-cells CD8+ (CD3-) CD8+ T-cells TRM CD103+(CD3-) 
Tissue 
Segmentation IM TC IM TC IM TC IM TC IM TC 

Number of 
values 22 22 22 22 22 22 22 22 22 22 

Minimum 74.33 31.33 5 0 0 0.333
3 0 0 0 0 

25% Percentile 879.5 185.5 126 25.75 124.5 5.917 4.833 0 2.583 1.75 
Median 1149 379.8 176.8 143.5 241.2 15.17 20.67 1 44 76.67 
75% Percentile 2008 679.8 315.3 305.3 395.3 75.25 122.9 5.25 194.7 235.4 
Maximum 2888 3730 691.7 966 628.3 969.3 600.3 158.3 688.7 603 
Range 2814 3699 686.7 966 628.3 969 600.3 158.3 688.7 603 
Mean 1348 669 252.6 221.3 261.9 80.7 82.81 11.65 120.4 142.8 
Std. Error of 
Mean 169 191.7 42.41 58.01 37.99 43.66 30.04 7.343 37.48 39.21 
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Supplementary Table 3. Survival information of the CLM study cohort. 

 
Vital Status Follow-up (years) 

Specimen ID Vital 
Status 

Date of 
Death 

Last up-
date 

Date of 
Surgery Cause of Death years month days 

05AH363 D 26/08/2010  27/10/2005 Cancer Rectum, Nos 4 57 1764 

05AH421 A - 1/09/2019 1/12/2005 - 13 165 5022 

06AH048 D 19/03/2007  15/02/2006 Cancer Rectosigmoid Junction 1 13 397 

06AH108 A - 1/09/2019 5/04/2006 - 13 160 4897 

07AH073 D 27/08/2013  1/03/2007 Cancer Rectum, Nos 6 77 2371 

07AH079 A - 1/09/2019 2/03/2007 - 12 149 4566 

07AH288 A - 1/09/2019 27/06/2007 - 12 146 4449 

07AH435 A - 1/09/2019 28/08/2007 - 12 144 4387 

07AH661 A - 1/09/2019 17/12/2007 - 11 140 4276 

08AH715 D 7/02/2014  13/11/2008 Cancer Rectum, Nos 5 62 1912 

08AH803 D 19/11/2012  10/12/2008 Cancer Rectum, Nos 3 47 1440 

09AH334 D 5/08/2012  3/06/2009 Cancer Rectosigmoid Junction 3 38 1159 

09AH443 D 9/01/2010  22/07/2009 Cancer Sigmoid Colon 0 5 171 

09AH478 D 22/06/2012  4/08/2009 Cancer Colon, Nos 2 34 1053 

09AH552 D 2/08/2011  1/09/2009 Cancer Splenic Flexure Colon 1 23 700 

10AH044 D 7/10/2011  29/01/2010 Cancer Transverse Colon 1 20 616 

10AH349 A - 1/09/2019 1/06/2010 - 9 111 3379 

10AH401 A - 1/09/2019 12/11/2009 - 9 117 3580 

10AH428 D 21/11/2013  1/07/2010 Cancer Rectum, Nos 3 40 1239 

10AH459 D 26/11/2011  1/07/2010 Cancer Transverse Colon 1 16 513 

11AH0011 D 13/03/2012  1/06/2009 Cancer Ascending Colon 2 33 1016 

12AH0082 A - 1/09/2019 14/03/2012 - 7 89 2727 
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Supplementary Table 4. Survival information of the control and RASi CLM study cohort. 

 
Group Specimen ID Vital 

Status 
Date of Death Last up-date Date of 

Surgery 
Cause of Death Month 

of 
follow-

up 
Control 05AH421 A - 1/09/2019 1/12/2005 n/a 165 

06AH048 D 19/03/2007 
 

15/02/2006 Cancer 
Rectosigmoid 

Junction 

13 

06AH108 A - 1/09/2019 5/04/2006 n/a 160 

07AH079 A - 1/09/2019 2/03/2007 n/a 149 

07AH435 A - 1/09/2019 28/08/2007 n/a 144 

07AH661 A - 1/09/2019 17/12/2007 n/a 140 

08AH803 D 19/11/2012 
 

10/12/2008 Cancer Rectum, 
Nos 

47 

09AH443 D 9/01/2010 
 

22/07/2009 Cancer Sigmoid 
Colon 

5 

09AH478 D 22/06/2012 
 

4/08/2009 Cancer Colon, 
Nos 

34 

09AH552 D 2/08/2011 
 

1/09/2009 Cancer Splenic 
Flexure Colon 

23 

10AH044 D 7/10/2011 
 

29/01/2010 Cancer 
Transverse Colon 

20 

10AH349 A - 1/09/2019 1/06/2010 n/a 111 

10AH401 A - 1/09/2019 12/11/2009 n/a 117 

10AH428 D 21/11/2013 
 

1/07/2010 Cancer Rectum, 
Nos 

40 

10AH459 D 26/11/2011 
 

1/07/2010 Cancer 
Transverse Colon 

16 

11AH0011 D 13/03/2012 
 

1/06/2009 Cancer 
Ascending Colon 

33 

12AH0082 A - 1/09/2019 14/03/2012 n/a 89 

RASi 05AH0363 D 1/08/2010 
 

1/10/2005 Neoplasm of 
rectum 

58 

08AH0715 D 1/01/14 
 

1/11/2008 Neoplasm of 
rectum 

62 

09AH0688 D 1/01/2012 
 

1/10/2009 Neoplasm of 
rectum 

27 

13AH0103 D 1/09/2015 
 

1/03/2013 Neoplasm of 
Ascending Colon 

30 

07AH0073 D 1/08/2013 
 

1/03/2007 Neoplasm of 
rectum 

77 

09AH0312 D 1/03/2010 
 

1/05/2009 Neoplasm of 
Sigmoid colon 

10 

07AH0288 A n/a 1/09/2019 1/10/2007 n/a 143 

09AH0334 D 1/08/2012 
 

1/06/2009 Neoplasm of 
rectosigmoid 

junction 

38 

10AH0121 D 1/04/2017 
 

1/02/2010 Neoplasm of 
Colon 

86 

12EH0060 A n/a 1/09/2019 1/05/2012 n/a 88 

09WH0105 D 1/01/2010 
 

1/06/2009 Neoplasm of 
Sigmoid colon 

7 

11MH0108 A n/a 1/09/2019 1/02/2011 n/a 103 

11WH0134 D 1/07/2015 
 

1/05/2011 Neoplasm of 
Sigmoid colon 

50 

09WH077 D 1/04/2014 
 

1/05/2009 Neoplasm of 
Sigmoid colon 

59 

11MH0179 A n/a 1/09/2019 1/03/2011 n/a 102 

12MH0607 A n/a 1/09/2019 1/06/2012 n/a 87 

10PM0199 A n/a 1/09/2019 1/02/2010 n/a 115 
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11CH061 D 1/09/2014 
 

1/03/2011 Neoplasm of 
Transverse colon 

42 

09CH0160 A n/a 1/09/2019 1/10/2009 n/a 119 

09CH227 A n/a 1/09/2019 1/10/2009 n/a 119 

11CH111 A n/a 1/09/2019 1/05/2011 n/a 100 
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APPENDIX 1 

 

Vallejo-Ardila, D. L., Fifis, T., Burrell, L. M., Walsh, K., & Christophi, C. (2018). Renin-

angiotensin inhibitors reprogram tumour immune microenvironment: A 

comprehensive view of the influences on anti-tumour immunity. Oncotarget, 9(84), 

35500-35511.  

 

Due to copyright obligations, the author accepted version of this manuscript is 

presented in Appendix 1.  

 

The published version of this manuscript can be found at 

https://doi.org/10.18632/oncotarget.26174 
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APPENDIX 2 

 

Vallejo Ardila, D. L., Walsh, K. A., Fifis, T., Paolini, R., Kastrappis, G., Christophi, C., & 

Perini, M. V. (2020, May). Immunomodulatory effects of renin-angiotensin system 

inhibitors on T lymphocytes in mice with colorectal liver metastases. J Immunother 

Cancer, 8(1).  

 

Due to copyright obligations, the author accepted version of this manuscript is 

presented in Appendix 2. 

 

 The published version of this manuscript can be found at https://doi.org/10.1136/jitc-

2019-000487 
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APPENDIX 3 

 

Multiplex Immunohistochemistry protocol in formalin-fixed, paraffin-embedded 

Colorectal Liver Metastases patient tissues and Machine Learning- based Tissue 

Segmentation and Cell Phenotyping analysis  

 

Method Article  
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APPENDIX 4 

 

R code: MapPhenotypes  

# Package Install/Load 

############################# 

setwd("Dropbox/Dora_Vallejo/Project_2020_1") 

library(spatstat) 

library(tiff) 

library(ISAT) 

library(parallel) 

 

############################# 

# Custom Functions 

############################# 

############### 

# idCell -- identifies unique cells by xy coordinates 

# ARGUMENTS -- xy_data (data.frame) 

############### 

idCell <- function(xy_data) { 

        location_split <- split(x = xy_data, f = xy_data$location_id) 

        for(cell in 1:length(location_split)) { 

                cellname <- paste("cell", cell, sep = "") 

                location_split[[cell]] <- data.frame("cellid" = cellname,  

                                                     location_split[[cell]], 

                                                     stringsAsFactors = F) 

        } 

        xy_data <- do.call("rbind", location_split) 

        row.names(xy_data) <- NULL 

        return(xy_data) 

} 

############### 
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# mapLabel -- maps labels to sets of markers 

# ARGUMENTS -- xy_data (data.frame); labelList (named list) 

#    - labelList: named list of named logical vectors. The name of each list element is 

#    the label to assign. The names of the logical elements are the marker sets that 

describe 

#    the label. 

############### 

mapLabel <- function(xy_data, labelList) { 

        markers_list <- split(x = xy_data, f = xy_data$Region.Type) 

        names(markers_list) <- make.names(names(markers_list)) 

        location_ids <- sapply(markers_list, function(x) x$location_id) 

        location_ids <- unlist(location_ids) 

        location_ids <- unique(location_ids) 

        locationMatrix <- matrix(data = FALSE, nrow = length(location_ids), ncol = 

length(markers_list), 

                                 dimnames = list("row" = location_ids,  

                                                 "col" = names(markers_list))) 

        locationMatrix <- data.frame(locationMatrix, stringsAsFactors = F) 

        for(r in row.names(locationMatrix)) { 

                for(c in names(markers_list)) { 

                        pos_eval <- any(markers_list[[c]]$location_id %in% r) 

                        if(pos_eval) { 

                                pos_int <- which(markers_list[[c]]$location_id %in% r) 

                                locationMatrix[r,c] <- TRUE 

                                locationMatrix[r,"cellid"] <- markers_list[[c]][pos_int,"cellid"] 

                        } 

                } 

        } 

        locationMatrix_logic <- locationMatrix[,-ncol(locationMatrix)] 

        locationMatrix$label <- NA 

        for(label in 1:length(labelList)) { 

                for(r in row.names(locationMatrix)) { 
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                        markers <- labelList[[label]] 

                        markers_ind <- which(names(locationMatrix_logic) %in% 

names(markers)) 

                        if(!is.empty(markers_ind)) { 

                                rowlocation_info <- unlist(locationMatrix_logic[r,]) 

                                ev1 <- any(rowlocation_info[-markers_ind]) 

                                if(!ev1) { 

                                        ev2 <- all(rowlocation_info[markers_ind]) 

                                        if(ev2){ 

                                                locationMatrix[r,"label"] <- names(labelList)[label] 

                                        } 

                                } 

                        } 

                } 

        } 

        xy_labeltype <- merge(xy_data, locationMatrix) 

        return(xy_labeltype) 

} 

 

############### 

# reduceToUniqueCell -- reduce coordinate data to unique cell id 

# ARGUMENTS -- xy_data (data.frame) 

############### 

reduceToUniqueCell <- function(xy_data) { 

        id_split <- split(x = xy_data, f = xy_data$cellid) 

        cells_to_reduce <- which(sapply(id_split, nrow) > 1) 

        for(cell in cells_to_reduce) { 

                new_elements <- sapply(id_split[[cell]][,c("cellmarkerid", "Region.Type")], 

function(c) { 

                        col_element <- unique(c) 

                        if(length(c) > 1) { 

                                paste(col_element, collapse = "|") 
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                        } 

                }) 

                nr <- nrow(id_split[[cell]][,c("cellmarkerid", "Region.Type")]) 

                for(r in 1:nr) { 

                        id_split[[cell]][r,c("cellmarkerid", "Region.Type")] <- new_elements 

                } 

                id_split[[cell]] <- unique(id_split[[cell]]) 

        } 

        xy_reduced <- do.call("rbind", id_split) 

        return(xy_reduced) 

} 

 

############################# 

# Load Data 

############################# 

## file paths 

xy_folder <- paste(getwd(), "Dataset1_Coloc_XY", sep = "/") 

xy_files_paths <- paste(xy_folder, dir(xy_folder), sep = "/") 

names(xy_files_paths) <- gsub(pattern = "_quant_data.txt", replacement = "", x = 

basename(xy_files_paths)) 

## read data and subset 

xy_files <- mclapply(xy_files_paths, read.delim2, header = T, sep = "\t", 

stringsAsFactors = F, mc.cores = 4) 

xy_filesList <- mclapply(xy_files, function(x) { 

        x <- x[,c("Sample.Name",  

                  "Region.Type",  

                  "Region.X.Position",  

                  "Region.Y.Position")] 

        unique(x) 

}, mc.cores = 4) 

xy_filesList <- mclapply(xy_filesList, function(x) { 

        marker <- strsplit(x = x$Region.Type, split = " ") 
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        marker <- sapply(marker, "[[", 1) 

        x$Region.Type <- marker 

        return(x) 

}) 

## split by marker 

split_data <- mclapply(xy_filesList, function(x) { 

        split(x = x, f = x$"Region.Type") 

}, mc.cores = 4) 

split_data <- mclapply(split_data, function(x) { 

        ev <- sapply(x, nrow) > 1 

        x[ev] 

}) 

split_data <- mclapply(split_data, function(x) { 

        lapply(x, function(y) { 

                location_id <- apply(y[,c("Region.X.Position", "Region.Y.Position")], 1, paste, 

collapse = "_") 

                data.frame("location_id" = location_id, y, stringsAsFactors = F) 

        }) 

}, mc.cores = 4) 

split_data <- mclapply(split_data, function(x) { 

        lapply(x, function(y) { 

                cellid <- paste(paste("cell", 1:nrow(y), sep = ""), y$Region.Type, sep = "_") 

                data.frame("cellmarkerid" = cellid, y, stringsAsFactors = F) 

        }) 

}, mc.cores = 4) 

 

############################# 

# Add Unique CellId 

############################# 

xyData <- mclapply(split_data, function(x) { 

        do.call("rbind", x) 

}, mc.cores = 4) 
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xyData <- mclapply(xyData, idCell, mc.cores = 4) 

 

############################# 

# Add Cell Phenotype 

############################# 

phenotypeList <- list("Total_T_Lymphocytes" = c("CD3" = T), 

                      "Cytotoxic_T_Cells" = c("CD3" = T, "CD8" = T), 

                      "Tissue_Resident_Cells" = c("CD3" = T, "CD8" = T, "CD103" = T), 

                      "Plus_alpha_sma" = c("aSMA" = T), 

                      "Cell.to.cell_junction" = c("E.cadherine" = T), 

                      "Total_CD8" = c("CD8" = T), 

                      "Total_CD103" = c("CD103" = T), 

                      "E.cadherine_cytotoxic" = c("CD3" = T, "CD8" = T, "E.cadherine" = T)) 

xyData <- mclapply(xyData, mapLabel, labelList = phenotypeList, mc.cores = 4) 

xyDataReduced <- mclapply(xyData, reduceToUniqueCell, mc.cores = 4) 

 

############################# 

# Save Mapped Tables 

############################# 

ndir <- paste (getwd(), "MappedTables", sep = "/") 

if (!dir.exists(ndir)) { 

        dir.create(ndir)    

} 

for (file in names (xyDataReduced)) { 

        fname <- paste(ndir, "/", file, ".txt", sep = "") 

        write.table(x = xyDataReduced[[file]], file = fname, sep = "\t", row.names = F) 

} 
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R code: Nearest Neighbor  

############################# 

# Package Install/Load 

############################# 

setwd("Dropbox/Dora_Vallejo/Project_2020_1") 

library(spatstat) 

library(tiff) 

library(ISAT) 

library(parallel) 

library(reshape2) 

library(ggplot2) 

 

############################# 

# Custom Functions 

############################# 

############### 

# cell.to.groupDistances -- calculates distances of cells to groups of other cells 

# ARGUMENTS -- xy_data (data.frame); labelCol (character); xpositionCol (character);  

# ypositionCol (character); cellidCol (character); dist_threshold (numeric) 

############### 

cell.to.groupDistances <- function(xy_data,  

                                   labelCol, 

                                   xpositionCol, 

                                   ypositionCol, 

                                   cellidCol, 

                                   dist_threshold = 30 

){ 

        markers_list <- split(x = xy_data, f = xy_data[,labelCol]) 

        marker_comb <- NULL 

        for(m in names(markers_list)) { 
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                marker_comb <- rbind(marker_comb, expand.grid(m, 

names(markers_list)[!names(markers_list)%in%m])) 

        } 

        marker_comb <- as.matrix(marker_comb) 

         

        distance_MatrixList <- list() 

        for(i in 1:nrow(marker_comb)) { 

                pair <- marker_comb[i,] 

                marker_1 <- markers_list[[pair[1]]] 

                marker_2 <- markers_list[[pair[2]]] 

                distance_measure <- NULL 

                for(p1 in 1:nrow(marker_1)) { 

                        distance_measure <- rbind(distance_measure, 

                                                  findNN(cell = marker_1[p1,], 

                                                         cellList = marker_2, 

                                                         XY_LABELS = c(xpositionCol,  

                                                                       ypositionCol))) 

                } 

                distance_measure <- distance_measure[,c(cellidCol, "distance")] 

                distance_measure <- data.frame(marker_1[,cellidCol], 

                                               distance_measure[,c(cellidCol)], 

                                               distance_measure[,c("distance")], 

                                               stringsAsFactors = F) 

                names(distance_measure) <- c(paste(cellidCol, pair[1], sep = "_"), 

                                             paste(cellidCol, pair[2], sep = "_"), 

                                             "distance") 

                 

                pair_id <- paste(pair, collapse = "_to_") 

                distance_MatrixList[[pair_id]] <- distance_measure 

        } 

        pair_id <- names(distance_MatrixList) 

        distance_Matrix <- lapply(pair_id, function(x, mtx) { 
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                data.frame("pair_distance_label" = x, "distance" = mtx[[x]][,"distance"], 

stringsAsFactors = F) 

        }, mtx = distance_MatrixList) 

        distance_Matrix <- do.call("rbind", distance_Matrix) 

         

        distances_summarystats <- lapply(distance_MatrixList, function(x, 

dist_threshold) { 

                procDist(distResult = x, thred = dist_threshold) 

        }, dist_threshold = dist_threshold) 

        distances_summarystats <- do.call("rbind", distances_summarystats) 

        distances_summarystats <- data.frame("cell.to.group_distancepair" = 

row.names(distances_summarystats), 

                                             distances_summarystats, 

                                             stringsAsFactors = F) 

        distances_summarystats$groupSize <- sapply(distance_MatrixList, nrow) 

         

        distanceResultsList <- list("distances_MatrixList" = distance_MatrixList, 

                                    "distance_Matrix" = distance_Matrix, 

                                    "distances_SummaryTable" = distances_summarystats) 

        return(distanceResultsList) 

} 

 

############### 

# mergeSummaryVar -- returns a matrix of merged summary values from all samples 

obtained from 'distances_SummaryTable' 

# ARGUMENTS -- summary_list (list); summary_variable (character) 

############### 

mergeSummaryVar <- function(summary_list, summary_variable = "Median") { 

        summary_variable <- match.arg(arg = summary_variable, choices = 

c("Percentage", "Mean", "Std.Dev", "Median", "groupSize"), 

                                      several.ok = F) 

        var_list <- lapply(summary_list, function(x, variable) { 
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                v <- x[,variable] 

                names(v) <- x[,"cell.to.group_distancepair"] 

                return(v) 

        }, variable = summary_variable) 

        p <- lapply(summary_list, function(x)  x[,"cell.to.group_distancepair"]) 

        p <- do.call("c", p) 

        p <- unique(p) 

        var_matrix <- matrix(data = NA, nrow = length(summary_list), ncol = length(p), 

                             dimnames = list("row" = names(summary_list), "col" = p)) 

        for(i in names(summary_list)) { 

                var_matrix[i, names(var_list[[i]])] <- var_list[[i]] 

        } 

        return(var_matrix) 

} 

 

############################# 

# Load Data 

############################# 

## file paths 

xy_folder <- paste(getwd(), "MappedTables", sep = "/") 

xy_files_paths <- paste(xy_folder, dir(xy_folder), sep = "/") 

names(xy_files_paths) <- gsub(pattern = ".txt", replacement = "", x = 

basename(xy_files_paths)) 

## read data and subset 

xy_files <- mclapply(xy_files_paths, read.delim2, header = T, sep = "\t", 

stringsAsFactors = F, mc.cores = 4) 

xy_filesList <- mclapply(xy_files, function(x) { 

        na.omit(x) 

}, mc.cores = 4) 

 

############################# 

# Compute Distances 



316 
 

############################# 

d_cutoff <- c(10, 20, 30, 60) ## in pixels 

names(d_cutoff) <- d_cutoff*0.5 ## in micrometers (1 pixel = 0.5 micrometers) 

fileDistances <- list() 

for(d in 1:length(d_cutoff)){ 

        fileDistances[[names(d_cutoff)[d]]] <- mclapply(xy_filesList, 

cell.to.groupDistances,  

                                                        labelCol = "label", xpositionCol = "Region.X.Position", 

                                                        ypositionCol = "Region.Y.Position", 

                                                        cellidCol = "cellid", 

                                                        dist_threshold = d_cutoff[d], 

                                                        mc.cores = 4) 

} 

fname <- paste(getwd(), dir()[grep(pattern = "Dataset1", x = dir())], 

"fileDistances_obj.RData", sep = "/") 

save(list = "fileDistances", file = fname) 

# fileDistances_MatrixLists <- lapply(fileDistances, function(x) { 

#         lapply(x, function(x) x$distances_MatrixList) 

# }) 

# fileDistances_Matrix <-lapply(fileDistances, function(x) { 

#         lapply(x, function(x) x$distances_Matrix) 

# }) 

fileDistances_SummaryTables <- lapply(fileDistances, function(x) { 

        lapply(x, function(x) x$distances_SummaryTable) 

}) 

 

############################# 

# Transform distances 

############################# 

## 1 pixel = 0.5 micrometer 

fileDistances_SummaryTables_MICROMETER <- 

lapply(fileDistances_SummaryTables, function(x) { 
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        lapply(x, function(x) { 

                x$Mean <- x$Mean*0.5 

                return(x) 

        }) 

}) ## adjust mean 

fileDistances_SummaryTables_MICROMETER <- 

lapply(fileDistances_SummaryTables_MICROMETER, function(x) { 

        lapply(x, function(x) { 

                x$Median <- x$Median*0.5 

                return(x) 

        }) 

}) ## adjust median 

## z-score normalization 

fileDistances_SummaryTables_SCALED <- 

lapply(fileDistances_SummaryTables_MICROMETER, function(x) { 

        lapply(x, function(x) { 

                x$Mean <- scale(x = x$Mean) 

                return(x) 

        }) 

}) ## adjust mean 

fileDistances_SummaryTables_SCALED <- 

lapply(fileDistances_SummaryTables_SCALED, function(x) { 

        lapply(x, function(x) { 

                x$Median <- scale(x = x$Median) 

                return(x) 

        }) 

}) ## adjust median 

 

############################# 

# Merge Distance Tables 

############################# 

## merge summary tables - MICROMETER 
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merge_SummaryTables_MICROMETER <- 

lapply(names(fileDistances_SummaryTables_MICROMETER), function(i, x) { 

        lapply(names(x[[i]]), function(ii, i, y) { 

                data.frame("sample" = ii, "dist_cutoff" = i, y[[i]][[ii]], stringsAsFactors = F) 

        }, i = i, y = x) 

}, x = fileDistances_SummaryTables_MICROMETER) 

merge_SummaryTables_MICROMETER <- 

lapply(merge_SummaryTables_MICROMETER, function(x) { 

        do.call("rbind", x) 

}) 

merge_SummaryTables_MICROMETER <- do.call("rbind", 

merge_SummaryTables_MICROMETER) 

row.names(merge_SummaryTables_MICROMETER) <- NULL 

## merge summary tables - SCALED 

merge_SummaryTables_SCALED <- 

lapply(names(fileDistances_SummaryTables_SCALED), function(i, x) { 

        lapply(names(x[[i]]), function(ii, i, y) { 

                data.frame("sample" = ii, "dist_cutoff" = i, y[[i]][[ii]], stringsAsFactors = F) 

        }, i = i, y = x) 

}, x = fileDistances_SummaryTables_SCALED) 

merge_SummaryTables_SCALED <- lapply(merge_SummaryTables_SCALED, 

function(x) { 

        do.call("rbind", x) 

}) 

merge_SummaryTables_SCALED <- do.call("rbind", merge_SummaryTables_SCALED) 

row.names(merge_SummaryTables_SCALED) <- NULL 

 

############################# 

# Summary Metrics 

############################# 

## MICROMETER 

summaryVariables <- c("Percentage", "Mean", "Median") 
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names(summaryVariables) <- summaryVariables 

distanceSumVars_MICROMETER <- lapply(summaryVariables, function(sumvar, 

sumlist) { 

        lapply(sumlist, function (sumlist, sumvar) { 

                r <- mergeSummaryVar(summary_list = sumlist, summary_variable = 

sumvar) 

                r <- data.frame("samples" = row.names(r), "SummaryVariable" = sumvar, r, 

stringsAsFactors = F) 

                return(r) 

        }, sumvar = sumvar) 

}, sumlist = fileDistances_SummaryTables_MICROMETER) 

summaryMetrics_MICROMETER <- lapply(distanceSumVars_MICROMETER, 

function(x) { 

        lapply(x, function(y) {do.call("cbind", y)}) 

}) 

## SCALED 

summaryVariables <- c("Percentage", "Mean", "Median") 

names(summaryVariables) <- summaryVariables 

distanceSumVars_SCALED <- lapply(summaryVariables, function(sumvar, sumlist) { 

        lapply(sumlist, function (sumlist, sumvar) { 

                r <- mergeSummaryVar(summary_list = sumlist, summary_variable = 

sumvar) 

                r <- data.frame("samples" = row.names(r), "SummaryVariable" = sumvar, r, 

stringsAsFactors = F) 

                return(r) 

        }, sumvar = sumvar) 

}, sumlist = fileDistances_SummaryTables_SCALED) 

summaryMetrics_SCALED <- lapply(distanceSumVars_SCALED, function(x) { 

        lapply(x, function(y) {do.call("cbind", y)}) 

}) 

 

############################# 
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# Melt Summary Metrics 

############################# 

## MICROMETER 

summaryMetrics_MICROMETER <- lapply(summaryMetrics_MICROMETER, 

function(x) { 

        lnm <- names(x) 

        lapply(lnm, function(n, x) { 

                data.frame(x[[n]], "dist_cutoff" = n, stringsAsFactors = F) 

        }, x = x) 

}) 

summaryMelt_MICROMETER <- melt(summaryMetrics_MICROMETER, id.vars = 

c("samples", "SummaryVariable", "dist_cutoff")) 

summaryMelt_MICROMETER$variable <- 

as.character(summaryMelt_MICROMETER$variable) 

summaryMelt_MICROMETER$value <- 

as.numeric(summaryMelt_MICROMETER$value) 

summaryMelt_MICROMETER$dist_cutoff <- factor(x = 

summaryMelt_MICROMETER$dist_cutoff, levels = names(d_cutoff)) 

## SCALED 

summaryMetrics_SCALED <- lapply(summaryMetrics_SCALED, function(x) { 

        lnm <- names(x) 

        lapply(lnm, function(n, x) { 

                data.frame(x[[n]], "dist_cutoff" = n, stringsAsFactors = F) 

        }, x = x) 

}) 

summaryMelt_SCALED <- melt(summaryMetrics_SCALED, id.vars = c("samples", 

"SummaryVariable", "dist_cutoff")) 

summaryMelt_SCALED$variable <- as.character(summaryMelt_SCALED$variable) 

summaryMelt_SCALED$value <- as.numeric(summaryMelt_SCALED$value) 

summaryMelt_SCALED$dist_cutoff <- factor(x = summaryMelt_SCALED$dist_cutoff, 

levels = names(d_cutoff)) 
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############################# 

# Plots 

############################# 

## OVERALL 

overallPlot_MICROMETER <- ggplot(data = summaryMelt_MICROMETER, mapping = 

aes(x = variable, y = value, fill = SummaryVariable)) + 

        geom_boxplot() + 

        facet_wrap(~SummaryVariable + dist_cutoff, scales = "free_y", ncol = 4) + 

        theme_bw() + 

        theme(axis.text.x = element_text(angle = 90)) 

overallPlot_SCALED <- ggplot(data = summaryMelt_SCALED, mapping = aes(x = 

variable, y = value, fill = SummaryVariable)) + 

        geom_boxplot() + 

        facet_wrap(~SummaryVariable + dist_cutoff, scales = "free_y", ncol = 4) + 

        theme_bw() + 

        theme(axis.text.x = element_text(angle = 90)) 

 

## BY PHENO PAIR 

survivalPlot_df <- summaryMelt_MICROMETER[,1:5] 

survival_ipheno <- lapply(survivalPlot_df$variable, strsplit, split = "_to_") 

survival_ipheno <- lapply(survival_ipheno, unlist) 

survival_ipheno <- sapply(survival_ipheno, "[[", 1) 

survivalPlot_df <- split(x = survivalPlot_df, f = survival_ipheno) 

survivalPlot_list_MICROMETER <- lapply(survivalPlot_df, function(plotdf) { 

        ggplot(data = plotdf, mapping = aes(x = variable, y = value, fill = 

SummaryVariable)) + 

                geom_boxplot() + 

                facet_wrap(~SummaryVariable + dist_cutoff, scales = "free_y", ncol = 4) + 

                theme_bw() + 

                theme(axis.text.x = element_text(angle = 90)) 

}) 
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survivalPlot_df <- summaryMelt_SCALED[,1:5] 

survival_ipheno <- lapply(survivalPlot_df$variable, strsplit, split = "_to_") 

survival_ipheno <- lapply(survival_ipheno, unlist) 

survival_ipheno <- sapply(survival_ipheno, "[[", 1) 

survivalPlot_df <- split(x = survivalPlot_df, f = survival_ipheno) 

survivalPlot_list_SCALED <- lapply(survivalPlot_df, function(plotdf) { 

        ggplot(data = plotdf, mapping = aes(x = variable, y = value, fill = 

SummaryVariable)) + 

                geom_boxplot() + 

                facet_wrap(~SummaryVariable + dist_cutoff, scales = "free_y", ncol = 4) + 

                theme_bw() + 

                theme(axis.text.x = element_text(angle = 90)) 

}) 

 

############################# 

# Save 

############################# 

## TABLES 

ndir <- paste (getwd(), "ResultTables", sep = "/") 

if (!dir.exists(ndir)) { 

        dir.create(ndir)    

} 

fname <- paste(ndir, "/", "Dataset1_MICROMETER_merge_SummaryTables.txt", sep = 

"") 

write.table(x = merge_SummaryTables_MICROMETER, file = fname, sep = "\t", 

row.names = F) 

fname <- paste(ndir, "/", "Dataset1_MICROMETER_OverallSummaryTable.txt", sep = "") 

write.table(x = summaryMelt_MICROMETER[,1:5], file = fname, sep = "\t", row.names 

= F) 

 

fname <- paste(ndir, "/", "Dataset1_SCALED_merge_SummaryTables.txt", sep = "") 
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write.table(x = merge_SummaryTables_SCALED, file = fname, sep = "\t", row.names = 

F) 

fname <- paste(ndir, "/", "Dataset1_SCALED_OverallSummaryTable.txt", sep = "") 

write.table(x = summaryMelt_SCALED[,1:5], file = fname, sep = "\t", row.names = F) 

 

## PLOTS 

ndir <- paste (getwd(), "ResultFigures", sep = "/") 

if (!dir.exists(ndir)) { 

        dir.create(ndir)    

} 

fname <- paste(ndir, "/", "Dataset1_MICROMETER_OverallSummaryPlot.pdf", sep = "") 

ggsave(filename = fname, plot = overallPlot_MICROMETER, height = 20, width = 40, 

scale = 1) 

for(p in 1:length(survivalPlot_list_MICROMETER)) { 

        fname <- paste(ndir, "/Dataset1_MICROMETER_", p, "_", 

names(survivalPlot_list_MICROMETER)[p], "_SummaryPlot.pdf", sep = "") 

        ggsave(filename = fname, plot = survivalPlot_list_MICROMETER[[p]], height = 20, 

width = 20) 

} 

 

fname <- paste(ndir, "/", "Dataset1_SCALED_OverallSummaryPlot.pdf", sep = "") 

ggsave(filename = fname, plot = overallPlot_SCALED, height = 20, width = 40, scale = 

1) 

for(p in 1:length(survivalPlot_list_SCALED)) { 

        fname <- paste(ndir, "/Dataset1_SCALED_", p, "_", 

names(survivalPlot_list_SCALED)[p], "_SummaryPlot.pdf", sep = "") 

        ggsave(filename = fname, plot = survivalPlot_list_SCALED[[p]], height = 20, width 

= 20) 

} 
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ABSTRACT

Renin-angiotensin system inhibitors (RASi) have shown potential anti-tumor 
effects that may have a significant impact in cancer therapy. The components of the 
renin-angiotensin system (RAS) including both, conventional and alternative axis, 
appear to have contradictory effects on tumor biology. The mechanisms by which RASi 
impair tumor growth extend beyond their function of modulating tumor vasculature. 
The major focus of this review is to analyze other mechanisms by which RASi 
reprogram the tumor immune microenvironment. These involve impairing hypoxia 
and acidosis within the tumor stroma, regulating inflammatory signaling pathways 
and oxidative stress, modulating the function of the non-cellular components and 
immune cells, and regulating the cross-talk between kalli krein kinin system and RAS.

INTRODUCTION

The main components of the conventional 
axis of the renin-angiotensin system (RAS) [such as 
angiotensinogen (AGT), renin, angiotensin-converting 
enzyme (ACE), angiotensin I (Ang I), angiotensin II 
(Ang II)], function as an intricate peptide signaling 
network through several receptors [including angiotensin 
II type 1 receptor (AT1R) and angiotensin II type 2 
receptor (AT2R)] [1]. AGT is produced and released 
into circulation by the liver, then AGT is hydrolyzed 
by renin, which is produced by the juxtaglomerular 
cells of the kidney to form Ang I [1]. Afterwards Ang 
I is hydrolyzed by ACE in the endothelial cells of the 
lungs, to produce the biologically active Ang II. Ang II 
interacts with two different receptors, AT1R and AT2R 
[1]. The alternative axis comprises ACE2, which is 
known as ACE-related carboxypeptidase or angiotensin-
converting enzyme homolog (ACEH). ACE2 is mostly 
found in the vascular endothelial cells and renal tubular 

epithelium [2] ACE2 cleaves Ang II to Ang-(1-7), 
whereas ACE produces Ang-(1-7) by cleaving Ang-
(1-9). Ang-(1-7) commonly acts via mitochondrial 
assembly receptor (Mas receptor or MasR) [3]. Another 
peptide alamandine is generated either by the cleavage 
of Ang A or Ang-(1-7), by ACE and decarboxylase (DC) 
respectively. Alamandine binds through MAS-related G 
protein couple receptor D (MRGD) [3]. Several other 
truncated bioactive peptides have been previously 
characterized including Angiotensin III [4], Angiotensin 
IV [5], and Ang A [6], as part of the RAS network 
(Figure 1).

In the mid-1970s it became possible for the first 
time to therapeutically target the components of Ang II/
AT1R axis using the angiotensin-converting enzyme 
inhibitor, captopril [7], and followed by selective blockade 
of the AT1R with losartan [8]. Renin-angiotensin system 
inhibitors (RASi) includes two classes of pharmacological 
agents, angiotensin-converting enzyme inhibitors (ACEi) 
and angiotensin II receptor blockers (ARBs) [8]. A third 
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Figure 1: The pro-tumor and anti-tumor mediated effects of the conventional and alternative RAS axis. Angiotensinogen 
(AGT) is produced and released into circulation by the liver (a), then AGT is hydrolyzed by renin. Renin is produced by the juxtaglomerular 
cells of the kidney (b) to form Angiotensin I (Ang I). Afterwards Ang I is hydrolyzed by angiotensin-converting enzyme (ACE) in the 
endothelial cells of the lungs (c), to produce the biologically active angiotensin II (Ang II). Ang II interacts with two different receptors, 
angiotensin II type 1 receptor (AT1R) and angiotensin II type 2 receptor (AT2R). ACE2 cleaves Ang II to Angiotensin (1-7) (Ang (1-
7)), whereas ACE produces Ang (1-7) by cleaving Angiotensin (1-9) (Ang (1-9)). Ang (1-7) commonly acts via mitochondrial assembly 
receptor (Mas receptor or MasR). Alamandine is generated either by the cleavage of Ang A or Ang (1-7), by ACE and decarboxylase (DC) 
respectively. Alamandine binds through MAS-related G protein couple receptor D (MRGD). Angiotensin II is metabolized to Angiotensin 
III (Ang III) by aminopeptidase A (APA), whereas Ang III is metabolized to Angiotensin IV (Ang IV) by aminopeptidase N (APN). AT4R 
or Insulin-regulated membrane aminopeptidase (IRAP) is activated by Ang IV. NEP, neutral endopeptidase; PEP, prolyendopeptidase. The 
inhibition of the conventional axis by ACEi or ARB reduces inflammation, vasoconstriction, and angiogenesis means by which also inhibits 
tumor growth. Opposite effects have been associated with the activation of the alternative axis including vasodilatation, antinflammatory 
and anti-angiogenic effects.
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class of RASi, a direct renin inhibitor such as aliskiren 
is also included in the list of RASi approved by the U.S. 
Food and Drug administration (FDA) [9].

RASi are widely used to treat heart failure [10, 11], 
myocardial infarction [12], and systemic hypertension 
[13] and have proved to be effective in preventing 
cardiovascular [14] and renal associated comorbidities 
[13]. Additionally RASi have shown potential anti-tumor 
effects that promise a significant impact in cancer therapy 
[15]. Several studies have yielded diverging findings on 
the role of RASi on the incidence of recurrence, metastasis 
and survival in cancer patients [16]. To comprehend the 
potential benefit of RASi in cancer patients consideration 
should be given to factors such as tumor heterogeneity, 
tumor stage, hormone receptor status, human epidermal 
growth factor receptor 2 (EGFR2) over-expression, and 
(neo)adjuvant treatment regimen [15]. A meta-analysis 
including 55 studies suggested that RASi may improve 
the survival of cancer patients depending on cancer type 
and class of RASi [16].

Differences between the mediated effects of 
the RAS conventional and alternative axis has been 
previously described. In general, the over-expression of 
RAS components within the Ang II/AT1R axis (such as 
ACE and AT1R) is associated with tumor growth and 
with more aggressive tumor features in several types of 
human cancer, including breast cancer, ovarian cancer and 
renal cancer [17–19], whereas Ang II/AT2R and Ang(1-
7)/MasR showed opposite effects [20]. Nonetheless 
there are also conflicting evidence, which may suggest 
tumor-type specific differences [18]. Similarly, ACE2/
Ang-(1-7)/MasR axis dysregulation has been shown to be 
up-regulated or down-regulated depending on the type of 
cancer [21–23] (Figure 1).

The role of the various RASi in modulating 
pathological processes involving cell inflammation [24, 
25], fibrosis [26–28], and tumor growth [29–32], has 
been well-documented, but its influence on anti-tumor 
immunity is uncertain. The aim of this literature review 
is to analyze current evidence on the effects of RASi 
on anti-tumor immunity by reprogramming the tumor 
microenvironment (TME).

The pathological processes and cellular functions 
inside the TME which appear to be influenced by RASi 
include tumor angiogenesis, hypoxia and acidosis within 
the tumor stroma, inflammatory signaling pathways, 
oxidative stress, immune cell modulation and the role of 
kalli krein kinin system (KKS) (Figure 2).

Regulation of tumor angiogenesis using 
renin-angiotensin inhibitors impacts cancer 
progression

Conclusive evidence has shown that targeting 
Ang II/AT1R impairs neovascularization and vascular 
permeability and decreases microvessel density by 

reducing vascular endothelial growth factor (VEGF)-
expression [19, 33–35]. Angiogenesis is initiated by the 
disruption of the endothelial cells (EC) monolayer, and 
their invasion into the surrounding stroma. The recruitment 
of pericytes along the basement membrane into the new 
vessels provides both, mechanical stability and molecular 
cross talk with EC, which induces VEGF production 
and survival signaling [36, 37]. The cellular infiltrating 
populations into the TME can originate either in the blood 
vessels, the stroma or the bone marrow [37]. For example, 
cancer-associated fibroblast (CAFs) can be derived from 
both, tumor stroma and from bone marrow precursors 
[37]. This cellular plasticity is mediated by the epithelial-
mesenchymal transition (EMT) [37]. Many of the different 
cell types involved in tumor vasculature, and-/or are part 
of the TME such as pericytes [38, 39] and CAFs [40] 
express RAS components. Regulating angiogenesis 
using RASi may extend beyond the converging point of 
VEGF-response. ACE2 acts as potent counter-regulator 
against ACE and Ang II activity [20, 41, 42]. ACE2 
overexpression or ACE2-Ang-(1-7)- MasR activation may 
suppress angiogenesis either by inhibiting the production 
of VEGFa in NSCLC [43], or VEGF receptors attenuation 
in nasopharyngeal carcinoma [44], respectively.

The use of RASi concomitant with anti-VEGF 
therapy was associated with better survival in metastatic 
renal cell carcinoma [45–48], metastatic CRC [49], 
advanced HCC [50] and glioblastoma [51]. Increased 
resistance has been reported to VEGF inhibition [52, 53]. 
The tumor vasculature interacts with the TME via several 
other mechanisms offering potential new therapeutic 
targets [54]. The regulation of TME by emerging anti-
angiogenic therapies are aiming to counteract tumor 
progression and to achieve greater tumor destruction. 
Rather than acute vessel disrupting strategies, there is 
now a focus on anti-inflammatory regimens. For instance, 
cabozantinib inhibits the activity of VEGFR, c-MET, 
AXL and other tyrosine kinases, thereby leading not only 
to impair angiogenesis but also the disruption of other 
processes inside the TME [55].

Targeting Ang II/AT1R axis to impair hypoxia 
and acidosis within the tumor stroma

Local RAS works synergistically and independently 
of systemic RAS in a paracrine fashion [56]. Ang 
II mediates effects that reduce tumor perfusion and 
oxygenation, resulting in hypoxia and subsequent 
acidosis within the tumor stroma [57]. For example, 
local Ang II, predominantly exists in hypoxic regions of 
nasopharyngeal carcinoma and breast cancer cells, where 
it is autocrinely produced by chymase-dependant rather 
than ACE dependent mechanism [58]. In which case 
the action of ACEi will not be effective to inhibit tumor 
growth. Tumor hypoxia and acidosis trigger a cascade 
of up-regulation of transcription factors, growth factors 
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and cytokines, including hypoxia inducible factor (HIF), 
VEGF and Transforming growth factor beta (TGF-β) 
that together promote immunosuppression within the 
TME [59, 60]. An immunosuppressive microenvironment 
includes impaired function of T cells [61], dendritic cells 
[62] the accumulation of M2-like macrophages [63] and 
MDSC, but also increased expression of immune check 
point molecules such as PD-L1 / PD-1 on tumour / stromal 
cells and the immune cells [64].

In the liver, the local RAS is up-regulated in response 
to tissue injury and hypoxia [31]. The main effector is 
Ang II, which normally maintains tissues homeostasis, in 
this scenario can stimulate the expression pro-angiogenic 
VEGF via AT1R signaling, leading to wound healing in 
tissue injury or to tumor neovascularization in hypoxic 
tumors [65]. ACEi mechanism of action is to reduce the 
production of Ang II, while ARBs selectively block the 
action of AT1R receptors inhibiting tumor-associated 
angiogenesis [16].

Renin-angiotensin inhibitors regulate 
inflammatory signaling pathways and oxidative 
stress in tumor biology

The TME is bound to the dynamic between 
malignant and non-transformed cells [66]. Non-
malignant cells are reprogrammed to accomplish tumor-

promoting functions during all stages of carcinogenesis 
[66]. Intercellular interactions modulate the chemical 
and physical properties of any tissue through a diverse 
pool of secreted cytokines, chemokines, growth factors, 
and inflammatory or matrix remodeling enzymes [67]. 
TGF-β suppresses the differentiation and function of T 
helper ( TH), CD8+ cells, Natural Killer (NK) cells, and 
tumor-associated neutrophils (TANs), tumor associated 
macrophages (TAMs) and myeloid-derived suppressor 
cells (MDSCs) [67]. Tumor supporting cytokines are 
released from tumor and stromal cells upon AT1R 
activation via Ang II including, TGF-β Interleukins (IL-1a, 
IL-1B, IL-6, IL-8) and MCP-1: (monocyte chemoattractant 
protein 1), macrophage colony-stimulating factor 
(M-CSF), cyclooxygenase 2(COX-2), C- reactive protein 
(CRP) [68]. Immunomodulatory cytokines may up-
regulate immunosuppressive pathways, i.e. COX-2 via 
prostaglandin E2 synthesis, and impair dendritic cell 
(DC) function by reducing their migration [68, 69]. Ang 
II/AT1R signaling induces reactive oxygen species (ROS) 
generation and related proteins such as inducible nitric 
oxide synthase in the tumor cells and stroma cell [70]. 
Exposure to ROS in the TME can impair T cell function 
while enhancing T regs and TAMs, as has been previously 
reported in prostate cancer [69]. Treatment with the ARB 
candesartan diminishes ROS generation [71].

Figure 2: Renin-angiotensin inhibitors reprogram tumor immune microenvironment. The pathological processes and 
cellular functions inside the tumor microenvironment which appear to be influenced by RASi include tumor angiogenesis, hypoxia and 
acidosis within the tumor stroma, inflammatory signaling pathways, oxidative stress, immune cell modulation and the role of kalli krein 
kinin system (KKS).
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Renin-angiotensin inhibitors modulate the 
function of immune cells within the tumor 
microenvironment

There are three major immunosuppressive cell types 
within the tumor mass; MDSCs, TAMs and CAFs. MDSC 
include both myeloid progenitors cells and immature 
myeloid cells [72]. These cell have been characterized as 
a population of inhibitory immune cells that lack typical 
mature myeloid markers, in mouse and human cancers 
[72]. Murine and human MDSCs exert their suppressive 
effects through several mechanisms that inhibit CD8+T 
cell activation [73], Additionally they induce the 
development of T regs population, the polarization of 
macrophages to a TAM-like phenotype, the production 
of ROS, the upregulation of nitric oxide and depletion of 
nutrients via increased activity of L-arginase [73]. ACE is 
required for normal myelopoiesis, as an increased level of 
CD11(+) bGrl (+) cell-similar to MDSCs phenotype were 
detected after extramedullary myelopoiesis compensatory 
to bone marrow incompetence [74]. Likewise, ACE may 
have a role in the accumulation of MDSCs in the TME. 
However, the inhibitory function of MDSCs over CD8+T 
cells in the TME requires further investigation [74].

Similarly, TAMs are usually pro-tumorigenic 
and have shown that a polarized M2-like phenotype 
contributes to immunosuppression, whereas M1-like 
phenotype induces anti-tumor immunity [63]. TAMs tend 
to accumulate in hypoxic and/or necrotic areas of the 
tumor [75]. Studies with ACE KO and ACE 10/10 mouse 
model indicated that ACE plays key role in macrophages 
to regulate the production of pro-inflammatory cytokines 
such as IL-12, nitride, and TNF-ɑ in response to 
lipopolysaccharide (LPS) or chitin (a polymer of N-
acetylglucosamine). These induce M1 macrophages or 
activate M2, respectively [76]. Additionally, M1 induction 
through granulocyte-macrophage colony stimulating 
factor (GM-CSF) upregulate ACE expression in human 
monocytes [76, 77]. Recent findings remain inconclusive 
as to how RAS modulation establishes M2 macrophage 
induction and polarization. Some studies suggest that 
there is no difference between ACE KO, ACE 10/10 
and WT model [74]. Others have found an increased or 
decreased M2 response by RAS blockade [78, 79]. Our 
laboratory has shown the immunomodulatory role of RAS 
in influencing TAMs. Blockade of ACE with captopril 
increased Kupffer cells infiltration in the tumor-bearing 
liver during an early stage of tumor progression in CRC 
liver metastasis [80].

Myofibroblasts also known as CAFs are derived 
from multiple precursors, such as myoepithelial cells, 
mesenchymal stem cells, smooth muscle cells and EC 
[81]. Their capability to secrete EGF family growth 
factors hepatocyte and fibroblast growth factors and 
insulin growth factor confer them the potential to induce 
malignant transformation of cells [82, 83]. CAF express 

AT1R [40], through which Ang II [40] stimulates their 
proliferation and induces the production of various 
cytokines including TGF-β [40]. TGF-β in addition 
to its immunosuppressive role as outlined above, can 
stimulate EMT in malignant cells contributing to an 
immunosuppressive TME and therapy resistance [84, 
85]. Our laboratory found that RAS is implicated in the 
regulation of EMT in CRC via both AT1 and AT2 receptors 
by Ang II modulated migration [86]. Additionally, 
CAF tumor promoting effects have been associated 
with promoting neovascularization and recruitment of 
immune cells in the TME via NF-κβ signaling pathway 
[87]. A recent study concluded that local RAS activity 
can modulate the function MDSCs, TAMs and CAFs, 
and indeed is a potent inducer of immunosuppression 
in the TME [40]. Inhibition of local RAS augments the 
induction and infiltration of tumor antigen-specific T cells, 
reduces the T cell suppressive activity of tumor-infiltrating 
CD11b+ cells including MDSCs and enhances the T-cell 
stimulatory activity of CAFs [47].

In addition to CAFs, other types of immune cells 
also express RAS components. These include monocytes, 
neutrophils, dendritic cell and T cells, thus presenting 
pivotal targets for immune therapy [15]. For example, 
the stimulatory and coinhibitory interactions between 
lymphocytes infiltrating tumor stroma and tumor cells 
expressing receptor-ligands pairs, like immune check point 
inhibitors [cytotoxic T-lymphocyte antigen-4 (CTLA-4), 
programmed cell death-1 (PD-1), and its ligand (PD-L1)] 
correlates with T cell dysfunction [37]. The inhibition of 
AT1R enhances the induction of tumor antigen-specific 
CD8+ cytotoxic T lymphocytes via gp70-Tcells [40]. 
Additionally, a clinical study of non-metastatic pancreatic 
ductal adenocarcinoma (PDAC) patients reported 
significant overall survival in the chronic RASi users, 
while unbiased gene profiling of resected tumors from 
this group presented enriched gene signatures associated 
with antigen processing and presentation, and activity of T 
cells, and reduced gene signatures associated with tumour 
aggressiveness. These findings may suggest that RAS 
signaling could modulate the efficacy of immunotherapy 
on this type of cancer [88]. Altogether the synergistic use 
of RASi combined with immune check point inhibitors 
may improve anti-tumor efficacy by reprograming the 
TME towards an immune stimulatory milieu.

Targeting tumor non-cellular components 
using renin-angiotensin inhibitors may enhance 
antitumor immunity

RAS has been studied under the scope of chronic 
wound healing and fibrosis [89]. During stromagenesis 
activated fibroblasts, have a critical function in 
orchestrating ECM remodeling. The effects of tissue 
renin angiotensin (tRAS) on chronic wound healing can 
be divided into two opposite axes: (a) proinflammatory/



Oncotarget35505www.oncotarget.com

pro-fibrotic and (b) anti-inflammatory/anti-fibrotic [89]. 
RAS signaling modulates ECM remodeling via AT1 by 
stimulation in dermal fibroblast, which promotes deposition 
of fibrotic ECM [90]. The contrary effect was observed 
via AT2 stimulation, which reduced collagen deposition 
counteracting AT1 signaling through engagement of 
tyrosine phosphatase SHP-1 [91]. In the case of tumor-
associated stromagenesis, the pathophysiologic response 
fails to resolve. RAS activated CAFs secrete collagen and 
other ECM components which leads to a fibrotic reaction 
so-called tumor desmoplasia [92]. A tumor desmoplastic 
environment can be either a physical barrier to immune 
cell infiltration [93], or can provide the substratum to their 

interstitial migration [94]. Additionally, RAS activated 
CAFs and other stromal cells produce immunosuppressive 
cytokines/ growth factors especially TGF-β in the TME 
leading to chronic inflammation and effector T- cell 
disfunction, apoptosis and failure to infiltrate deep into 
the tumour [61]. RASi targeting of the tumor stroma 
resulted in collagen I synthesis inhibition by CAFs in a 
dose-dependent manner in different desmoplastic models 
including human breast, pancreatic, and skin tumors in mice 
[95]. A collateral effect of decreasing tumor desmoplasia is 
the decompression of tumor blood vessels and subsequent 
reduction of tumor hypoxia by increasing perfusion, which 
may also enhance antitumor immunity [96].

Figure 3: Renin-angiotensin system components intersecting with the kalli krein kinin system. Angiotensin-converting 
enzyme (ACE) is a major hub intersecting between the crosstalk of both systems, by regulating the levels of Angiotensin II (Ang II) and 
kinins. ACE metabolizes bradykinin (BK), and converts Angiotensin I (Ang I) into Ang II. Interactions between ACE and kinin receptor 
1 (B1R) and/or kinin receptor 2 (B2R) have been reported, same as interactions between angiotensin II type 1 receptor (AT1R) and 
angiotensin II type 2 receptor (AT2R) with B2R.
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The cross-regulation of kalli-krein kinin system 
and renin-angiotensin system by angiotensin-
converting enzyme has pleotropic effects in the 
tumor microenvironment

The KKS comprises several peptides that are 
produced and cleaved in various sites to finally release the 
vasoactive kinins [97]. Kinins are originated from their 
parental molecules, the kininogens [97]. Diverse enzymes 
known also as kininases such as ACE, neutral endopeptidase 
(NEP), carboxypeptidase N, carboxypeptidase M, cathepsin 
X and aminopeptidase metabolize the kinins, [98] (Figure 
3). Bradykinin (BK) is the final bioactive peptide produced 
upon the activation of the KKS, which has pleiotropic 
functions depending on the pattern signaling triggered 
through its two different receptors [99]. The kinin receptor 
1 (B1R) and the kinin receptor 2 (B2R) activate the same 
signaling pathway, while inducing a different duration 
and intensity of the signal modulated by calcium influx 
[100]. B1R and B2R can be expressed in the same cell 
type, such as EC, fibroblast and several tumor cells [101]. 
While B1R expression is induced upon inflammatory 
conditions and tissue injury, B2R is constituvely expressed 
[102]. The overall effect of BK through either B1R, 
B2R, or both is to promote vascular cell proliferation 
[103], influence barrier permeability [104] and possibly 
stimulate the release of pro-inflammatory cytokines 
[105]. The role of kinin receptors has been investigated 
in various types of cancer, including melanoma, renal, 
prostate, lung and breast and mesothelioma [106–110], 
among others. Recently our laboratory found that both 
human and mouse CRC cell lines showed a strong positive 
expression of B1R and B2R, and while the inhibition of 
both receptors delayed tumor growth, only B1R blockade 
reduced tumor load and increased tumor apoptosis [105]. 
Indistinctively, blockade of B1R or B2R diminished tumor 
vascularization in vivo, and impaired proliferation and 
migration of CRC cell in vitro [111]. The effect of RASi 
-ACEi- leads to accumulation of kinins and subsequent 
B1R activation [112], which may influence not only 
the cellular components part of the TME by activating 
macrophages and DC, but also can up-regulate cytokine 
production of IL-6 and IFN-γ [97]. ACEi activate B2R on 
DC, with increased production IL-12 [113]. Further studies 
are required to elucidate the therapeutic opportunities of 
modulating kinin receptors with ACEi and their influence 
on the TME.

Perspectives and significance

Over the last decade a large number of clinical 
studies have shown the benefits of using RASi in patients 
at different stages in several types of cancer. The evidence 
of RASi impairing tumor growth beyond the function 
of modulating tumor vasculature is rapidly increasing. 
A major challenge in the field of cancer therapeutics is 

the increasing rate of resistance to chemotherapy [114], 
and immunotherapy [115]. A better understanding of the 
complex interaction between non-cellular components, 
tumor cells, tissue resident immune cells and infiltrating 
immune cells within TME is required to develop new 
cancer treatment strategies. An immunosuppressive TME 
affects the efficacy of immune checkpoint therapy, which is 
reflected in two different clinical scenarios, overall survival 
and adverse side effects. RASi are able to reprogram 
the TME, using mechanisms by which they impair 
hypoxia and acidosis within the tumor stroma, regulate 
inflammatory signaling pathways and oxidative stress, 
modulate the function of the non-cellular components 
and immune cells, and regulate the cross-talk between 
KKS and RAS. Targeting RAS conventional axis (Ang II/
AT1R), KKS and enhancing RAS alternative axis (ACE2/
Ang-(1-7)/MasR) seem to be promising strategies to 
effectively influence TME toward an immunostimulatory 
milieu, and subsequently improve immunotherapy outcome 
for a larger population of cancer patients. Further pre-
clinical and clinical studies are necessary to propose that 
the concomitant use of RASi and immunotherapy could 
not only improve the overall survival of cancer patients, 
but also could decrease the immunotherapy related side 
effects. Lastly, additional studies may be required in order 
to conclude if the effects of RASi on the tumor stroma, not 
only would depend upon the degree of tumor desmoplasia, 
but also may depend on how they can influence tumor 
immune infiltration by either impairing or promoting their 
migration throughout the interstitial space.
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Abstract
Background  It is now recognized that many anticancer 
treatments positively modulate the antitumor immune 
response. Clinical and experimental studies have shown 
that inhibitors of the classical renin–angiotensin system 
(RAS) reduce tumor progression and are associated 
with better outcomes in patients with colorectal cancer. 
RAS components are expressed by most immune cells 
and adult hematopoietic cells, thus are potential targets 
for modulating tumor-infiltrating immune cells and can 
provide a mechanism of tumor control by the renin–
angiotensin system inhibitors (RASi).
Aim  To investigate the effects of the RASi captopril on 
tumor T lymphocyte distribution in a mouse model of 
colorectal liver metastases.
Methods  Liver metastases were established in a mouse 
model using an autologous colorectal cancer cell line. RASi 
(captopril 750 mg/kg) or carrier (saline) was administered 
to the mice daily via intraperitoneal injection, from day 1 
post-tumor induction to endpoint (day 15 or 21 post-tumor 
induction). At the endpoint, tumor growth was determined, 
and lymphocyte infiltration and composition in the tumor 
and liver tissues were analyzed by flow cytometry and 
immunohistochemistry (IHC).
Results  Captopril significantly decreased tumor viability 
and impaired metastatic growth. Analysis of infiltrating 
T cells into liver parenchyma and tumor tissues by IHC 
and flow cytometry showed that captopril significantly 
increased the infiltration of CD3+ T cells into both tissues 
at day 15 following tumor induction. Phenotypical analysis 
of CD45+ CD3+ T cells indicated that the major contributing 
phenotype to this influx is a CD4 and CD8 double-negative 
T cell (DNT) subtype, while CD4+ T cells decreased and 
CD8+ T cells remained unchanged. Captopril treatment 
also increased the expression of checkpoint receptor PD-1 
on CD8+and DNT subsets .
Conclusion  Captopril treatment modulates the immune 
response by increasing the infiltration and altering the 
phenotypical composition of T lymphocytes and may be a 
contributing mechanism for tumor control.

Background
Colorectal cancer (CRC) is the third most 
common cancer diagnosis, and it is ranked 

second as cancer causing death for both sexes 
combined in high-income countries.1 Over 
half of the patients with CRC will develop 
metastatic liver disease. Subsequently, 
colorectal liver metastases (CRLM) result in 
death in at least two-thirds of these patients.2 
Surgical resection of CRLM is the only poten-
tial curative treatment and, when combined 
with chemotherapy, can achieve 5-year survival 
rates of 40%–60%.2 3 However, the majority 
of these patients will develop tumor recur-
rence, most commonly in the liver.4 Current 
research to improve this clinical outcome is 
focusing on identifying reliable prognostic 
indicators of treatment response,5 6 tumors 
with a high-risk molecular signature for 
recurrence,7 and in developing novel strate-
gies to immunomodulate the tumor micro-
environment (TME).8 Established tumors 
subvert the host antitumor immune response 
through several mechanisms, including the 
accumulation of immunosuppressive tumor-
associated macrophages (TAMs), myeloid-
derived suppressive cells (MDSCs) and 
cancer-associated fibroblasts (CAFs). Also, 
the production of immunosuppressive factors 
influences the infiltration and activation of 
effector immune cells and the upregulation 
of T cell inhibitory ligands like programmed 
death-ligand 1 (PD-L1) on tumor, stromal 
and immune cells.9 During the last few years, 
many different cancer types have proven 
responsive to therapeutic targeting of inhib-
itory T cell receptors by immune check-point 
inhibitors, such as ipilimumab,10 nivolumab11 
and pembrolizumab.12 In the case of CRLM, 
only a small subset of patients, those with 
deficient mismatch repair pathways, respond 
to these treatments.13 Targeting immunolog-
ical features that promote metastatic growth, 
such as molecules that are proinflammatory, 
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proangiogenic, profibrotic, or specific leukocyte subsets 
that may change in number, phenotype or function 
in different types of cancer,14–16 could tip the balance 
towards an antitumor immune response.

Renin- angiotensin inhibitors (RASi) have shown 
antitumor effects that may have a profound impact 
in cancer therapy.17–19 The role of the various RASi 
in modulating inflammation20 and fibrosis21 22 is well 
documented. Renin–angiotensin system (RAS) pathway 
components are expressed by most cells of the innate 
and adaptive immune system.23 In vitro studies indicate 
that RAS signaling modulates the activity of various 
immune cells; on the other hand,in vivo studies of cancer 
immune responses modulated by RASi are still scarce. 
One study using a mouse renal cancer model reported 
that captopril increased tumor growth and inhibited 
the antigen-specific activation of CD8+ and CD4+ T cells 
while promoting antigen-specific B cells and their infil-
tration into tumors.24 In contrast, studies from this labo-
ratory using captopril or angiotensin receptor 1 (AT1R) 
blockers reported a significant reduction in CRLM and 
modulation of TAMs.18 19 25 26 Supporting these findings, 
Nakamura et al demonstrated that RASi reduced the 
immunosuppressive activity of TAMs, MDSCs, and CAFs 
in the TME, leading to the induction and tumor infiltra-
tion of tumor antigen-specific T cells.27

In this study, the effects of captopril treatment (RASi) 
on T lymphocyte subtypes and their expression of some 
activation or inhibitory factors were investigated in a CRC 
liver metastasis mouse model.

Materials and methods
Animals and experimental model of CRLM
Male CBA mice (ARC, Perth) were maintained in stan-
dard cages with irradiated food and water supplied ad 
libitum. The primary cancer cell line mouse CRC cell 
(MoCR) was derived from a dimethyl hydrazine-induced 
primary colon carcinoma in the CBA mouse and main-
tained in vivo by serial passage in the flanks of CBA mice.28 
For passage and experimentation, subcutaneous tumors 
were teared apart, passed through a filter, treated with 
Ethylenediaminetetra-acetic acid (EDTA) and washed 
in phosphate-buffered saline (PBS) to make a single cell 
suspension. CRLMs were induced by intrasplenic injec-
tion of 5×104 tumor cells followed by splenectomy. Metas-
tases are fully established by 21 days following tumor 
induction (figure 1A,B).

Experimental design
Tissues were collected at days 15 and 21 post-tumor induc-
tion and were used to evaluate tumor growth and Tcell 
immune infiltration by immunohistochemistry (IHC) 
and fluorescent-activated cell sorting (FACS) (figure 1A).

Treatment protocol
Mice received tumor induction and were separated into 
two groups: control (saline) and treatment (captopril). 

Captopril (pH adjusted to 7.4) was administered daily 
via intraperitoneal injection adjusted to the body weight 
of each mouse (750 mg/kg), from the day 1 post-tumor 
induction to endpoint. Control mice received an equal 
volume of saline. Tumor growth was assessed by stere-
ology on day 15 or 21 following tumor induction.

At each endpoint, animals were terminally anesthe-
tized; laparotomy was performed; and the abdominal 
cavity was examined for indications of extrahepatic 
metastases, paying close attention to the splenic bed. 
The liver was carefully perfused with 20 mL saline solu-
tion, then excised and harvested. Immediately following 
excision, liver weights were recorded. Livers were then 
fixed in formalin (10%) (Sigma Aldrich, Castle Hill, New 
South Wales, Australia) for 24 hours and then transferred 
to 70% ethanol.

Stereology
Images of the whole liver were taken to examine the 
tumor distribution and burden load. The liver was then 
transversely sliced into sections of 1.5 mm thickness using 
a tissue fractionator. For large livers (saline control), 
every second slice was sampled for analysis. For smaller 
livers (captopril-treated tumors), every slice was taken for 
analysis. Liver slices were placed on a clear plastic plate; 
a digital camera (Nikon Coolpix 5000, E500) was used to 
capture the images, and these were analyzed using image 
analysis software (Image-Pro Plus, Perth, Australia).

Tumors were visualized as distinctive white/cream-
colored areas against the red/brown liver tissue. Each 
tumor outline was traced using image analysis software 
to determine the area occupied by the tumor. Stereology 
technique was used to determine tumor burden.

Immunohistochemistry
Formalin-fixed paraffin tissue sections (4 µm) were used 
with an indirect peroxidase labeling technique (Envision 
Plus, DAKO, Australia). Following deparaffinization and 
rehydration, endogenous peroxidase activity was blocked 
with 3% H2O2, and non-specific binding inhibited with 
10% normal goat serum (01–6201 Thermo Fisher scien-
tific). Heat-induced epitope retrieval was used. Antigens 
were visualized by immunohistochemical staining using 
their respective antibodies diluted as follows: CD3 1:100 
(Clone A0452 DAKO), CD4 1:1000 (4SM95 e-Biosci-
ence), PD-L1 1:500 (E1L3N, Cell Signaling Technology) 
and negative controls were stained without the corre-
sponding primary antibodies. Following primary antibody 
treatment, sections were incubated with a horseradish 
peroxidase-labeled polymer secondary antibody. The 
antigen–antibody complex was visualized by diaminoben-
zene peroxidase substrate solution (DAKO, Australia). 
Viable tumor was determined by Haemotoxylin and Eosin 
(H&E) staining.

Image caption and analysis algorithm
Slides were scanned at ×20 magnification (Aperio 
Scanscope AT Turbo, Leica Biosystems). Image analysis 
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Figure 1  Control of tumor growth and viability by RASi treatment. (A) Liver metastases were induced by intrasplenic 
tumor induction and allowed to develop for 15 and 21 days. Captopril or saline control treatment was delivered daily by via 
intraperitoneal injection. At each endpoint, mice were terminally anesthetized, and their livers perfused with saline prior to 
removal. Most of the livers were fixed and prepared for IHC and stereology, while a small proportion was prepared for flow 
cytometry, including the separation of tumor from the liver tissues. (B) Schematic of tumor growth kinetics following tumor 
induction and daily treatment. (C) Representative livers of each treatment are pictured. (D) Livers were fixed, sectioned and 
analyzed by stereology for % tumor burden of the total liver area and (E) stained with H&E for viable tumor analyses (T, tumor; 
N, necrosis and L, Liver). (F) Proportion of tumor viability. Data represent average ±SEM of n=5 per group; significance was 
calculated by Student t-test. ***P<0.001. FACS, fluorescent-activated cell sorting; IHC, immunohistochemistry; RASi, renin–
angiotensin system inhibitor; n.s, not significant.

software (Aperio ImageScope) measured the number 
of positive cells within designated areas. Given the size 
of immune cells, the Positive Pixel Count v9 (V.9.1) 
algorithm was applied as a basis for detecting immune 
marker positivity, with the intensity thresholds adjusted 
manually to remove background artifacts and to account 
for variable differences in cell size (hue value (center): 
0.1, hue width: 0.33 and color saturation threshold: 
0.15). CD3+ cell distribution between tumor periphery 
and core was examined at day 15 (online supplemen-
tary figure S1A) and day 21 post-tumor induction. Same 
conditions were applied to measure CD4+ cells at day 
15 (online supplementary figure S1B) . The tumor 
‘periphery’ was defined to include approximately an 
equal length of the leading edge of tumor cells and the 

adjacent stromal interface defined as the inner invasive 
margin. The ‘core of the tumor’ was defined as the total 
tumor area excluding the periphery. For each of these 
regions (periphery/leading edge or core), a total area 
up to of 100 µm per pixel containing the highest density 
of IHC+ cells was drawn to encompass these areas. When 
the inner invasive tumor margin (TM) or center of the 
tumor was smaller than 5 µm per pixel, the positivity of 
the whole tumor and the invasive margin was consid-
ered the same. PD-L1 expression was counted in the 
membranous and cytoplasmic tumor region using the 
same staining intensity thresholds (intensity threshold 
weak: 220–175, medium: 175–100, strong: 100–0, and 
negative pixels: −1) .29
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Flow cytometry
At endpoints of 15 days following tumor induction, livers 
were excised as described earlier, and caudate lobes were 
separated for processing for flow cytometry. Tumors were 
macroscopically isolated from liver parenchyma, and both 
tumor and macroscopically tumor-free liver were treated 
with tissue digest medium (0.25 mg/mL Liberase, Sigma 
and DNAse, Sigma) at 37 degrees for 40 min. Tissues were 
then pushed through a stainless-steel mesh, treated with 
red blood cell lysis buffer, and resuspended in FACS wash 
buffer (10% bovine serum albumin/5 mM EDTA/0.01% 
sodium Azide in PBS PH 7). 1×106 cells were stained with 
antibody cocktails directly conjugated to fluorochromes 
(CD45-BV510, CD3-PE, CD8-PECy7, PD-1-APC, CD4-
APC-Cy7 (BD Bioscience) and CD103-FITC (Miltenyi 
biotec) and the viability dye, DAPI (additional file 1: 
online supplementary table 1). Each sample was analyzed 
on a FACS CANTO II (BD Biosciences) and data were 
analyzed by FlowJo™ v10. Lymphocytes were identified 
as live (DAPI negative), single cells that were negative for 
autofluorescence, CD45+ and CD3+ (online supplemen-
tary figure S2A). Fluorescence minus one (FMO) controls 
were used to accurately gate CD4+ or CD8+ T cells and 
then the expression of PD-1 and CD103 on these T cell 
subsets (online supplementary figure S2B), including 
CD3+ cells that were expressing neither CD4 nor CD8, 
termed double-negative T cells (DNTs).

Statistical analysis
All data were presented as the mean value of each group 
±SE of the mean. Correlation matrix was generated using 
correlation coefficient r (or rs) for each pair of variables: 
length (µm), area (µm2), TM positivity, tumor core posi-
tivity and total positivity. A heat map of R2 calculating p 
values (two-tail) was generated. Statistical analysis was 
conducted using GraphPad Prism V.8.3.0 (GraphPad 
Software, San Diego, California, USA) using both para-
metric and non-parametric analytical tests as appropriate. 
All statistical tests were two-sided, and a p-value of 0.05 
was considered statistically significant.

Results
Captopril inhibits metastatic growth and reduces tumor 
viability
The stages of metastatic development of the CRLM model 
have been previously characterized (figure  1B).28 These 
experiments confirmed previous findings by this labora-
tory18 that captopril treatment has profound effects over 
metastatic growth after the metastases were fully estab-
lished by 21 days following tumor induction (figure 1C,D). 
In this study, at day 15 endpoint, there was a trend in the 
reduction of tumor load by 3.94% difference. In contrast, 
liver collected at 21 days post-tumor induction from the 
group treated with captopril had significantly less tumor 
burden than the control (28.61% difference) (figure 1D). 
In this study, we also examined tumor viability as this is 
a better indication of treatment efficacy. Quantitation of 

live tumor area demonstrates that the percentage of viable 
tumor area in the captopril treatment group was signifi-
cantly less, compared with the control group at 21 days 
post-tumor induction (figure 1E,F). Similar to the findings 
for tumor burden, while there is a trend, no significant 
differences in tumor viability could be determined at day 
15 (figure 1F). Captopril treatment reduced the number 
of metastases, though this reduction did not reach any 
significance, the size of metastatic foci was in fact signifi-
cantly reduced (online supplementary figure S3).

Captopril treatment modulates spatial and temporal 
infiltration of tumor lymphocytes expressing CD3+ and CD4+

We used IHC to examine changes in CD3+ and CD4+ 
lymphocytes within the tumor tissues due to capto-
pril treatment. Significant increases were seen in CD3+ 
lymphocytes in the treated group at day 15 (figure 2A,C). 
On the other hand, CD4+ lymphocytes were signifi-
cantly decreased at this time point (day 15) as seen in 
figure 2B,D. Visual examination of the staining shows that 
lymphocyte infiltration tends to accumulate around the 
intratumoral vessels (figure  2A,B). Significant increases 
in the number of CD3+ lymphocytes were observed in 
both TM and intratumoral assessment in the captopril-
treated group (figure 2A).

Interestingly, both density and distribution of CD3+ 
tumor-infiltrating lymphocytes inversely correlate with 
the area of liver metastases (online supplementary figure 
S4A). While the frequency of CD4+ cells in the control 
group significantly decreased in the same pattern as 
the CD3+ lymphocytes between the two time points; in 
the treated group, the CD4+ T cells did not significantly 
change compared with day 15, and in fact, at day 21, the 
frequency of CD4+ in the treated group is relatively higher 
than at day 15, but it is not significantly higher compared 
with that of the control at day 21 (figure 2C,D). These 
results suggest that the increased infiltration of CD3+ T 
cell population at day 15 was clearly not CD4+ T cells and 
that at day 21, these are no longer within the tumor in 
elevated numbers, giving impetus for a thorough inves-
tigation of day 15 T cell phenotype changes induced by 
captopril (figure 2).

Captopril treatment does not alter the tumor PD-L1 expression
Using IHC we also investigated whether the tumor in our 
model expresses PD-L1 (figure 3A), and whether capto-
pril treatment alters tumor PD-L1 expression. While there 
is a strong expression of PD-L1 in the tumor, this expres-
sion was not significantly altered at any time point due to 
the treatment (figure 3B) and was not tumor size depen-
dent (figure  3C). No significant difference was found 
between different populations of tumor cells expressing 
PD-L1 at different intensities between the control group 
and captopril at day 15 (figure 3D).

Captopril treatment differentially modulates T cell 
subpopulations infiltrating into the tumor and liver tissues
Flow cytometry analysis of dissected tumor tissues was 
used to identify the phenotype and the subpopulations 
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Figure 3  Temporal and spatial PD-L1+ expression in tumor cells. (A) Representative microphotographs of IHC PD-L1 staining; 
original (o) and marked-up (m) at day 15 post-tumor induction (black line) (Scale bar = 200 µm). (B) Histological quantitation of 
PD-L1 expressions at day 15 and 21 post-tumor induction. (C) Quantitation of the total tumor area staining positive for PD-L1+ 
as an area per mm2 of total tumor area, (excluding necrotic areas) for tissues collected at day 15. (D) PD-L1 expression in tumor 
cells comparison between four levels of staining are shown: weak positive (green), positive (orange), strong positive (red), and 
negative (blue). Datasets expressed as mean ± SEM with n ≥ 5 mice. n.s., not significant.

Figure 2  Tumor infiltrating lymphocytes are modulated by RASi. Representative microphotographs of histological quantitation 
of (A) CD3+ lymphocytes and (B) CD4+ lymphocytes in tumor tissues at day 15 (scale bar 100µm), including mark up for tumor 
margin (TM) and intratumoral (IT) areas. Quantitation of the total area staining positive for (C) CD3+ or (D) CD4+ as an area per 
mm2 of total tumor area, (excluding necrotic areas) for tissues collected at day 15 and day 21. Data n≥5 presented as mean ± 
SEM. Significantly different data represented by * p<0.05, ** p<0.01, and***p<0.001. n.s, not significant.
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Figure 4  Renin–angiotensin system inhibitor differentially alters the proportions of CD3+ subpopulations of lymphocytes in the 
liver and tumor. (A) Gating strategy for analysis of CD3+CD4+, CD3+CD8+ and CD4–CD8–. (B) Quantitation of the proportion of 
CD3+ lymphocytes as a proportion of total CD45+ leukocytes in the liver and tumor. The proportion (%) of CD3+ lymphocytes 
expressing CD4, CD8 and those negative for both CD4 and CD8 (CD4–CD8–) in (C) the liver and (D) tumor. The proportion 
of each subpopulation within the total CD45+ leukocyte population in (E) the liver and (F) tumor. Data n≥5 are presented as 
mean±SEM; significantly different data are represented by *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. n.s., not significant.

of CD3+ T cells in tumor that were observed by IHC to 
be modulated by captopril at day 15 (figure 4A). We also 
analyzed the T cell subpopulation infiltration into liver 
tissues that had been macroscopically dissected from 
tumors. During liver harvesting, livers were perfused via 
portal vein cannulation with 20 mL of saline to remove 
peripherally circulating lymphocytes from the analysis; 
thus, data represent tissue-infiltrating cells.

FACS confirmed that captopril treatment significantly 
increased the infiltration of CD3+ T cells into the tumor. 
Interestingly, these changes were also seen within the liver 
parenchyma (figure 4B) indicating that CD3+ T cells, traf-
ficking from circulation and/or dividing within the tissue 
in both liver and tumor, are affected by captopril.

The phenotype of CD3+ T cells was examined in terms 
of the proportion of these cells expressing CD4 and CD8 
and those expressing neither CD4 nor CD8, termed DNT 
(figure 4C,D) and were found to be differentially modu-
lated by captopril. Both in the tumor and liver tissues, 
there is a decrease in the proportion of CD4+ and an 
increase in the proportion of DNT. On the other hand, 
there is an increased proportion of CD8+ T cells in the 
tumor, while in the liver, this subpopulation decreases 
(figure 4C,D).

When considering these populations as a proportion 
of total leukocytes (CD45+) in these tissues, we find that 
in the liver, captopril treatment does not change either 
CD4+ or CD8+ subpopulations, whereas the DNT popu-
lation is significantly increased (figure 4E). In the tumor, 
we also see a decrease in the CD4+ population while the 
CD8+ and DNT subpopulations significantly increased 
(figure 4F). This may indicate that in the liver tissue, the 
increase in CD3+ T cells induced by captopril is due to 
the infiltration of DNTs. Within the tumor, however, the 
changes induced by captopril are more complex and may 
reflect changes in the TME that affect the ability of each 
subpopulation to exist there.

Captopril treatment differentially modulates the activation of T 
cell subtypes in the tumor and liver tissues
To investigate changes in the activation state of the CD3+ 
T cell subtypes, the cells were also stained for expres-
sion of Programmed cell death-1 (PD-1), an inhibi-
tory receptor upregulated following T-cell activation by 
cognate antigen and is specific for checkpoint ligand 
PD-L1. Captopril treatment increased the proportion of 
CD8+ and DNT subpopulations expressing PD-1 in both 
liver and tumor (figure 5A,B).
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Figure 5  Renin–angiotensin system inhibitor differentially changes the proportions of CD3+ subpopulations expressing PD-
1+ and tissue resident CD8+ lymphocytes in the liver and tumor. Quantitation of the proportion of each CD3+ subpopulation 
expressing PD-1+ in (A) the liver and (B) tumor. The percentage of PD-1+ lymphocyte subpopulations as a proportion of total 
CD45+ leukocytes in (C) the liver and (D) tumor. (E) Proportion of CD8+ lymphocytes expressing tissue resident marker CD103 
in the liver and tumor. (F) The percentage of CD103+ CD8+ lymphocytes as a proportion total CD45+ leukocytes in the liver and 
tumor. Data n≥5 are presented as mean±SEM; significantly different data are represented by *p<0.05, **p<0.01, ***p<0.001, and 
****p<0.0001. n.s., not significant.

When considering these activated populations as a 
proportion of total leukocytes (CD45+) in these tissues, 
we find that in the liver and tumor tissues, captopril treat-
ment again increases activated CD8+ and DNTs; however, 
in the tumor, the proportion of total leukocytes that is 
activated CD4+ significantly decreases (figure 5C,D). This 
may indicate a role for captopril in the activation of CD8+ 
and DNT but also in suppressing the activation of CD4+ T 
cells within the tumor.

We further investigated the proportion of CD8+ T 
cells expressing CD103 to delineate the effect of capto-
pril on the tissue resident CD8+ T cell (TRM) population. 
The percentage of CD8+ T cells expressing CD103+ was 
significantly reduced in both liver and tumor tissues in 
the treated group (figure 5E). However, within the total 
leukocyte population, the proportion of CD8+ CD103+ 

T cells was significantly increased in tumor and was not 
affected in the liver (figure 5F).

This suggests a potential mechanism of how captopril 
may control tumor growth by improving the cytotoxic T 
cell response.

Discussion
Numerous retrospective clinical studies acknowledge 
significant improvement in overall survival, progression-
free survival, and disease-free survival in patients with 
cancer using RASi as antihypertensive medication.30 
There is a clear upregulation of the RAS component, 
AT1R within the adenoma–colorectal–liver metastasis 
axis.31 32 Experimental and clinical studies over the last 
decade indicate that RASi impairs tumor progression 
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through modulation of the tumor vasculature33 34 and 
tumor desmoplasia35; thus far, its role in tumor immuno-
regulation is not yet clear. Almost all immune cells express 
components of the RAS pathway, and several studies 
implicate a role for RAS in immune dysregulation in 
several chronic and autoimmune diseases.36 Our previous 
findings show that the RASi, captopril, reduced tumor 
inflammation18 and temporally modified the frequency 
of TAMs within the TME.25 Additionally, macrophage 
depletion experiments show that TAMs are important for 
RASi control of tumor.25

In this study, we investigated the temporal dynamic 
changes of specific T lymphocyte subpopulations, in 
response to captopril treatment and their trafficking 
patterns into the liver and tumor tissues. Captopril treat-
ment significantly and temporally increased CD3+ T 
lymphocyte infiltration both into the tumor and the liver. 
This finding suggests that increased infiltration of T cells 
into the tumor may have a role in the observed tumor 
inhibition as clinical studies report a positive correla-
tion between tumor lymphocyte density and survival 
outcome.37 The greatest observed changes were seen at 
day 15 post-tumor induction, possibly reflecting a timely 
development of antitumor responses and the effect of 
captopril treatment. By day 21, the infiltration decreased 
and the significance of this is not clear as the subpopu-
lation composition was not analyzed at this time point. 
RASi reduces the immunosuppressive TME by altering 
the activity of TAMs, MDSCs and CAFs,27 and this may 
account, at least in part, for the increase in CD3+ T 
lymphocyte infiltration observed in this study.

In these experiments, the effect of RASi on the infiltra-
tion of T cell subtypes appears specific and possibly local 
to tumor-affected tissues. It is important to note that the T 
cells infiltrating the liver may provide a substantial pool, 
along with those from the peripheral circulation that 
would be infiltrating the tumor. Remarkably, we found the 
inhibition of RAS markedly attenuated tumor-infiltrating 
CD4+ T cells. AT1R stimulation has been shown to play a 
role in the differentiation of CD4+ T cells into Th1 cell 
through the modulation of proteasome function; thus, 
RASi may inhibit this mechanism of CD4+ T cell antigen-
mediated activation.38 The proportion of activated circu-
lating CD4+ T cells may have been diminished as a result 
of reduced AngII; therefore, trafficking into the liver and 
tumor was profoundly affected, as it was reported during 
deoxycorticosterone acetate–salt hypertension.39

RASi appears to not have a selective effect on the infiltra-
tion of CD8+ T cells into the liver; however, the significant 
increase in CD8+ lymphocytes into the tumor, particularly 
those that are identified as tissue resident (CD103+) and 
PD-1+, may indicate a recently activated tumor-specific 
cytotoxic T cell population. Studies reported a positive 
correlation of CD8+-infiltrating lymphocytes and control 
of tumor growth.40 Additionally, the intratumoral pres-
ence of T cells expressing the integrin CD103 has been 
strongly correlated with favorable prognosis for patients 
with cancer,41 independently of the infiltration of CD8+ 

T cells.42 Moreover, TRM cell express immune checkpoint 
molecules, which may be a potential surrogate marker of 
response to immunotherapy as they could expand early 
during anti-PD-1 treatment.43

Unexpectedly, the most responsive subpopulation 
of immune cells to captopril treatment was the DNTs. 
CD3+ lymphocytes that do not express CD4 and CD8 may 
include TcR alpha/beta (TcRαβ+) and TCR gamma/
delta (TcRγδ+); however, at this stage, identification of 
the type of DNT has not been examined in this study. 
DNTs represent only a small fraction of the total periph-
eral lymphocyte composition (1%–3%) in healthy 
subjects.44Nevertheless, they are reported to increase in 
certain diseases with context-specific immune roles such 
as immune inflammatory and disease-exacerbating activ-
ities in autoimmune diseases45 to anti-inflammatory46 or 
proinflammatory roles in tissue injury and ischemia.47

Interestingly, DNTs have been reported to be present 
in several solid cancers (melanoma, renal cell carcinoma, 
and glioblastoma) and to increase on treatment.48 The 
phenotypes of these cells are cancer-specific and distinct 
from that of resting DNT, but closely resembling DNT 
in other cancer types and across species.48 Furthermore, 
they positively correlate with treatment outcome, in 
concordance with the findings in this study.48 DNTs have 
been previously reported to contribute to antimelanoma 
immunity.49 In addition, this immunomodulatory effect 
is congruent with the reduced frequency of CD4+ T cell 
subpopulation as DNTs have been shown to suppress 
metabolic activation of CD4+ T cells (53) and could 
account for the CD4+ T cell reduction in this study. Never-
theless, the contribution of DNTs to antitumor immunity 
has only begun to be considered.

In the meantime, cancer immunotherapy strategies 
have mainly focused on modulating the function of infil-
trating CD4+ and CD8+ lymphocytes. The presence and 
quality of the immune cell infiltrate of the tumor have 
been shown to be of prognostic potential for the response 
of different tumors to immunotherapies, regardless of 
tumor stage.37 However, when PD-L1 blockers are used, 
a selective expansion of tumor-infiltrating CD4+ and 
CD8+ T cells expressing both activating (inducible T cell 
costimulator (ICOS, CD278)) and inhibitory (Lympho-
cyte activation gene 3 (LAG-3) and PD-1) molecules is 
seen.40

This study showed significant upregulation in 
PD-1+ expression on both the CD8+ and DNT tumor-
infiltrating cells in the captopril-treated mice. A recent 
study reported that DNT infusion, in combination with 
anti-PD-1, resulted in increased DNT-mediated anti-
tumor activity during in vivo treatment of lung cancer.49 
Nakamura et al, in the only other in vivo study on the RASi 
immunoregulatory effects, report that RASi, in combina-
tion with PD-L1 inhibitors, improves the effect on tumor 
inhibition.27 The increase of lymphocyte populations 
expressing PD-1 within the RASi-treated tumors, as seen 
in our study, opens up an opportunity to combine RASi 
with a combination of checkpoint inhibitor treatments 
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that may able to increase the efficacy and durability of the 
antitumor response.40

Humans and outbred animal species display wide vari-
ability in the antitumor immune responses and drug 
treatments. In addition, to the genetic contribution, 
numerous studies report a strong sexual dimorphism in 
the immune responses.50 Furthermore, studies also indi-
cate that some components of the RAS pathway display a 
sex-biased differential expression in certain tissues that 
may lead to gender biased response to RASi treatments 
as well.51 This study used inbred single-strain male mice 
to overcome genetic and sexual dimorphism variabil-
ities. However, immune responses to RASi treatments 
for CRLM need to be investigated in additional animal 
models of both genders and in clinical studies. Elucida-
tion of genetic and gender differences to RASi response 
will further define the appropriate patient cohort, thus 
tailoring treatment to those likely to benefit.

Conclusion
This study described the immunomodulatory effect of 
RASi using captopril, comparing an early and a later stage 
of tumor development. Treatment significantly increased 
the infiltration of CD3+ T cells into the liver and tumor 
and altered the phenotypical composition of infiltrating 
CD4+ and CD8+ T cells, and DNTs. Additionally, capto-
pril treatment increased the expression of checkpoint 
receptor PD-1 on the CD8+ and DNTs. The significance 
of these changes needs to be further characterized, espe-
cially the identity and function of the DNT population.
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Multiplex Immunohistochemistry protocol in 
formalin-fixed, paraffin-embedded Colorectal Liver 
Metastases patient tissues and Machine Learning- 
based Tissue Segmentation and Cell Phenotyping 
analysis  

Method Article  

Abstract  

Colorectal cancer liver metastasis (CLM) is the most common cause of death in 

colorectal cancer (CRC) worldwide. Various immune-suppressive and tumour-

promoting mechanisms contribute to the unresponsiveness associated with current 

checkpoint immunotherapy in CRC. Therefore, techniques such as Multiplex 

immunohistochemistry (mIHC) and automated image quantitation analysis enable 

a deeper understanding of the host’s anti-tumour immune response diversity and 

identify potential immunotherapy targets. Herein, we present a 7-plex OPALTM 

protocol used to assess the composition and spatial distribution of T cell markers 

CD3, CD8, Foxp3, and CD103 and the epithelial to mesenchymal transition (EMT) 

markers alpha-smooth muscle actin (α-SMA) and E-cadherin. The protocol has 

been manually optimized and validated in two independent cohorts of formalin-

fixed, paraffin-embedded CLM patient tissues (n=42) using well-established 

antibodies, a single spectral library, negative controls, and biological controls for 

corroborating staining pattern of α-SMA+ (sclerosed hemangioma samples) and T-

cell infiltrates (benign liver). The accurate profiling of T- cell composition, location, 

and phenotypic characterization could reveal important insights about the influence 

of T lymphocytes on prognosis after liver metastasectomy.  

Keywords: Colorectal Liver Metastases, Multiplex Immunohistochemistry 

protocols, Machine Learning-based Tissue Segmentation, and Cell Phenotyping  
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Introduction  

Colorectal cancer liver metastasis (CLM) is the most common cause of death in 

patients with colorectal cancer (CRC) worldwide1. Surgical resection of CLM is the 

only treatment that significantly prolongs their survival2. Nevertheless, a 

multidisciplinary approach has been recommended for CLM treatment as the best 

strategy to achieve synergy in the efficiency of all treatments3. One of these 

strategies includes cancer immunotherapy using checkpoint inhibitors4, which has 

proven to achieve long-lasting clinical effects in some patients with advanced 

disease in some types of cancer5. However, in CRC, only patients with deficient 

mismatch repair respond to these treatments4. In addition, there are various 

immune-suppressive and tumour-promoting mechanisms, which are directly 

related to the unresponsiveness to cancer immunotherapy6. Traditionally, the 

techniques used for the current stratification of CLM patients are IHC7, 8 and flow 

cytometry9, which provide limited information about composition, location and 

phenotypic characterization, and functional relationships of immune and stromal 

cells tumour and the adjacent liver parenchyma. Therefore, a better analysis is 

warranted to deconvolute the complexity within the tumour immune 

microenvironment (TIME) and reveal informative biomarkers that will aid the 

current stratification of CLM patients for available therapies, particularly 

immunotherapies7. 

Techniques such as Multiplex immunohistochemistry (mIHC) and automated 

image quantitation analysis enable a deeper understanding of the diversity of the 

host’s anti-tumour immune response by identifying the key players that may inhibit 

anti-tumour T-cell responses and T-cell infiltration into the tumour tissue7-11. Here 

we present mIHC 7-plex OPALTM protocol in formalin-fixed, paraffin-embedded 

(FFPE) CLM patient tissues and Machine Learning-based Tissue Segmentation 

and Cell Phenotyping analysis using inForm® software v2.4.2.  
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Materials and Reagents 

1. Microscope slides with CLM, FFPE tissue sections (4 µm). 

2. Xylene. 

3. Histological grade Ethanol (70% and 100%). 

4. 10% Neutral-Buffered Formalin (NBF). 

5. Tris Buffered Saline with Tween 20 (0.5%) (TBST) wash buffer, pH 7.5 

6. Peroxidase-free water (Milli-QTM water). 

7. RO water. 

8. Antibody Diluent/Block (PerkinElmer/Akoya Biosciences cat. N° ARD 

1001EA). 

9. Antigen retrieval AR6 buffer (10X) (PerkinElmer/Akoya Biosciences cat. No. 

NEL861001KT) 

10. Target Retrieval Solution, pH9 buffer (10x) (Dako code S2367). 

11.  IHC SELET ® Proteinase K (Millipore, concentration 0.2mg/ml) 

12.  Dako REAL Peroxidase-Blocking Solution (Agilent code S2023) 

13. Opal Polymer HRP Ms + Rb (PerkinElmer/Akoya Biosciences) 

14.  Opal Polaris 7-Color Manual IHC kit (PerkinElmer/Akoya Biosciences cat. 

No. NEL861001KT) 

• 1X Plus Amplification Diluent 

• Opal 520 Fluorophore 

•  Opal 540 Fluorophore  

• Opal 570 Fluorophore  

• Opal 620 Fluorophore  

• Opal 650 Fluorophore  

• Opal 690 Fluorophore 
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• Opal Polymer HRP Mouse (Ms) + Rabbit (Rb) 

• DMSO 

15. Primary Antibodies for targets interest:  

• CD3 (Agilent Dako, clone A0452; code number M7254) 

• CD8 (ThermoFisher, clone SP16; cat. No MA5-14548) 

• CD103 (Abcam, [EPR4166(2]); cat. No ab129202) 

• Foxp3 (Abcam, clone 236A/E7; cat. No ab20034) 

• E-cadherin (Santa Cruz, clone (H-108) sc-7870) 

• Recombinant anti-alpha smooth muscle actin (α- SMA) (Abcam, 

clone [E184]cat. No ab32575) 

16. DAPI solution (1mg/ml) (ThermoFisher scientific; cat. No. 62248) 

17. Fluorescent Mounting Medium (Agilent Dako; code number GM304) 

18. Coverslips Menzel- Glazer 22x50 mm (Thermo scientific). 

Equipment  

1. Tissue-tek® slide staining set (12 pp dishes). 

2. Tissue-Tek vertical 24 slide rack. 

3. Staining and incubation tray covered with aluminum foil. 

4. Pipettes and Pipette Tips (1-1000 µL) 

5. Microwave Oven. 

6. Vectra® 3.0 Automated Quantitative Pathology Imaging System (Akoya, 

MA). 

7. Phenochart v.1.0.12 (Akoya, MA). 

8. inForm® software v2.4.2 (Akoya, MA) installed in a PC with 128GB DDR4 

RAM. 
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Procedure  

CLM Specimens were made available from tissues stored in the Victorian Cancer 

Biobank (VCB) after approval from the Austin Health Human Research Ethics 

Committee HREC reference HREC/54233/Austin-2019. 

Slide preparation:  

1. Heat the slides at 60 °C for 60 minutes in an oven 

Bath and solvents for deparaffinization and rehydration of FFPE tissue:  

2. Xylene for deparaffinization, immerse into three successive baths of xylene 

for 10 minutes each time. Note: Do not let slides dry out between steps. 

3. Histological grade ethanol (100%) for rehydration, immerse into two 

successive baths for 5 minutes each time. 

4. Histological grade ethanol (70%) for rinsing, immerse for 5 minutes. 

5. After rehydration, rinse in running RO water for ~1 minute. 

6. Fix in 10% NBF for 30 minutes. 

7. After fixing, wash in running RO water for ~1 minute. 

Proceed with antigen retrieval and microwave treatment step as specified for 
the primary antibody for targets of interest: 

8. Place slides in the Tissue-Tek vertical 24 slide rack 

9. Fill slide container with antigen retrieval buffer diluted in 1:10 with 

peroxidase-free water as follows: 

• Day 1- AR6 buffer (PerkinElmer/Akoya Biosciences) (for anti-α-SMA) 

• Day 2- AR6 buffer (PerkinElmer/Akoya Biosciences) (for anti-E-cadherin) 

• Day 3- AR6 buffer (PerkinElmer/Akoya Biosciences) (for anti-Foxp3) 

• Day 4-Target retrieval Solution, pH9 buffer (Agilent Dako) (for anti-CD103) 

• Day 5- AR6 buffer (PerkinElmer/Akoya Biosciences) (for anti-CD8) 

• Day 6- Proteinase K (Millipore) (for anti-CD3).  
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Note: Proteinase K does not require microwave pre-treatment (steps 10-

11); therefore, it should be the last antibody of the panel. Leave at room 

temperature (RT) for 30 minutes. 

10. Heat slides in antigen retrieval buffer in a microwave oven as follows: 

• 2 minutes at 100 % power or until boiling point is reached. 

• Continue with 10 minutes at 20 % power. 

11. Cooldown the slides at RT for 15 minutes. 

12. Wash the slides in distilled water (dH2O) for 1 minute and then rinse in 

TBST 3 times for 2 minutes each time. 

13. Block endogenous peroxidase activity (Dako REAL Peroxidase-Blocking 

Solution; Agilent) for 30 minutes. 

14. Block non-specific binding with Ab Diluent/ Block Buffer 

(PerkinElmer/Akoya Biosciences) for 30 minutes. 

15. Add Primary Antibody diluted at the optimized ratio in Ab Diluent/ Block 

Buffer (PerkinElmer/Akoya Biosciences) for targets of interest in the 

following order: 

• Day 1-α- SMA at 1:500 

• Day 2- E-cadherin at 1:500 

• Day 3- Foxp3 at 1:50 

• Day 4-CD103 at 1:1000 

• Day 5- CD8 at 1:100 

• Day 6- CD3 at 1:100 

16. Incubate with each antibody overnight at 4oC in a humidified chamber. 

17. Wash the slides three times for 2 minutes each time with TBST Buffer at RT 

with agitation. 

18. Add Opal Polymer HRP Ms + Rb (PerkinElmer/Akoya Biosciences) and 

incubate for 40 minutes at RT. 
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19. Wash the slides 3 times for 2 minutes each time with TBST Buffer at RT 

with agitation. 

20. Add 50-150µl of TSA-Opal Working Solution per slide (1:50 dilution with 1 x 

Plus Amplification Diluent) depending on the size of the tissue and the 

specific conjugated dye to the target of interest: 

• Day 1- To α- SMA, add TSA-Opal690 

• Day 2- To E-cadherin, add TSA-Opal620 

• Day 3- To Foxp3, add TSA-Opal520 

• Day 4- To CD103, add TSA-Opal540 

• Day 5- To CD8, add TSA-Opal570 

• Day 6- To CD3, add TSA-Opal650 

21. Incubate the slides for 10 minutes at RT 

22. Wash the slides 3 times for 2 min each with TBST Buffer at RT with 

agitation 

23. Repeat the process from point 9, preparing the second day’s antigen-

retrieval buffer and repeating the process until the final day’s procedure is 

complete.  

 

Counterstaining and Mounting 

24. After the last TSA-Opal color treatment, wash the slides in dH2O for 2 

minutes and rinse in TBST for 2 minutes. 

25. Add DAPI Solution (1:4000; ThermoFisher scientific) and incubate the 

slides for 2-5 min at RT. 

26. Rinse the slides with TBST 3 times for 2 minutes 

27. Rinse in the running RO water for ~ 1 minutes 

28. Cover the slide with Fluorescent Mounting Medium (Agilent Dako) and 

apply coverslip Menzel- Glazer 22x50 mm (Thermo scientific). 
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29. Leave the slides to set at room temperature overnight and protected from 

light. 

30. Opal stained slides should be protected from light and maintained at 4oC in 

a humidified chamber for short/long-term image acquisition. 

Image acquisition and quantification 

31. Use the multispectral fluorescent microscope Vectra® 3.0 Automated 

Quantitative Pathology Imaging System (Akoya, MA) for whole tissue scan. 

32. Use Phenochart® software (low power scanned image) to select high-

powered fields (HPF) (equivalent fixed-size stamp 3x3= 2046 x 1530 µm; 

×20 object lens, resolution= 0.5 µm equivalent to 1 pixel) across the tumor 

and adjacent liver area, selecting areas of the tumor with the highest 

infiltrating lymphocyte density (Figure 1). 

33.  Use inForm® software v2.4.2Tissue finder algorithm for trainable pattern 

recognition to reach over 91% accuracy for the following tissue segments: 

adjacent liver parenchyma depicted in red (LP), invasive tumor margin in 

blue (IM), and tumor core (TC) in green (Figure 2). 

34. Use inForm® software v2.4.2 Cell segmentation and phenotyping algorithm 

to calculate cell count per HPF according to the trainable phenotypes of 

interest: CD3+  T Lymphocytes (CD3+ CD8-CD103-), CD8+ T cells 

(CD3+CD8+CD103-), TRM (CD3+CD8+CD103+), T regulatory cells 

(CD3+FoxP3+) , non T cells expressing CD8+ or CD103+  and cells 

expressing EMT markers such as α-SMA or E-cadherin. Every sample had 

background control for the subtraction of autofluorescence (Figure 3). 

35.  Use Pixel-based colocalization analysis using inForm® to quantify 

fluorescent intensity to discover novel phenotypes not included in the 

previous algorithm. 

Troubleshooting  

a) General immunohistochemistry optimization troubleshooting for single 
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staining antibodies may be applied.  

b) The single analyte OPAL IHC assay needs to be optimized before 

combining for use in multiplex detection. Concentrations of each primary 

antibody/TSA OPAL working solution should be optimized to be detectable 

within an exposure time of 40-200 milliseconds. 

c) Single spectral libraries need to be developed with control tissues such as 

HeLa cells FFPE and/or with the tissue of interest. 

d) The order of target and/or OPAL fluorophore detection needs to be 

optimized and independently validated.  

Time Taking  

Seven days for staining protocol, allow additional time for image acquisition and 

inForm analysis depending on the computational capacity of the PC.  

Anticipated results 

We present mIHC 7-plex OPALTM protocol in formalin-fixed, paraffin-embedded 

CLM patient tissues and Machine Learning- based Tissue Segmentation and 

Cell Phenotyping analysis using inForm® software v2.4.2. The specificity of the 

antibodies has been independently validated in specimens of sclerosed 

hemangiomas and benign liver tissues. This novel panel mIHC allows for the 

characterization of conventional and unconventional T-cells within the CD3+ T 

lymphocytes, offering insights into novel biomarkers for CLM post liver resection 

and immune surveillance. In addition, we raise the possibility of discovering 

novel phenotypes and potential immune targets modulated by available cancer 

immunotherapy.  
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Figures 

 

Figure 1. Phenochart. Whole tissue scan (low-powered field) showing 11 High 

powered Pre-scan field (HPF) (scale bar: 2mm). 

 

Figure 2. Tissue segmentation. Using machine learning-based algorithm, 

tissue segmentation was determined as follows: adjacent liver parenchyma in 

red (LP), invasive tumor margin in blue (IM) and tumor core (TC) in green. (HPF 

LP 

IM 
TC 
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stamp size 3x3= 2046 x 1530 µm, resolution= 0.5 µm equivalent to 1 pixel, x 20 

magnification) 

 

Figure 3. CLM stained by 7-plex OPAL and cell phenotyping. 
Representative composite HPF (HPF stamp size 3x3, x 20 magnification) image 

displayed all phenotypes, including with CD3+, CD8+ and CD103+, Foxp3+, α-

SMA (tumor stroma and blood vessels) and E-cadherin (epithelial interface of 

the TC). Key: Cyan: CD3+, Red: CD8+, Bright Green: CD103+, Purple: 

CD3+CD8+, Light pink: CD3+CD8+CD103+, Orange: CD3+Foxp3+ Bright pink: 

αSMA, and Yellow: E-cadherin.   
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