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Abstract 

Loss of IFNγ-sensitivity by tumour cells appears to enable evasion against T cell-

dependent cytotoxicity, as some cancers lacking IFNγ-signalling demonstrate clinical 

resistance to checkpoint immunotherapy. However, recent studies have demonstrated that 

IFNγ-resistant tumours can sensitize the immune system for improved anti-tumour immunity. 

As a pleiotropic cytokine, the functions of IFNγ appears to have disparate modalities 

depending on context and magnitude of signalling in the tumour microenvironment. 

In this thesis, we adopted a B16F10 murine melanoma model deficient in IFNGR1 and 

hypothesized that IFNGR1KO tumours would outgrow WT tumours due to impaired antigen 

presentation to CD8+ T  cells. Unexpectedly, IFNGR1KO tumours implanted into 

independent mice grew at equivalent rates despite minimal MHC-I/II expression on KO 

tumours. However, when WT and KO cells were admixed prior to implantation, the expected 

clinical phenotype was restored, as KO cells outgrew WT and preferential recruitment of 

CD8+ T cells in ‘WT zones’ is observed. To explain this paradox, we measured the levels of 

intratumoural IFNγ via ELISA and found an accumulation within KO tumours compared to 

WT. We hypothesized that this level of IFNγ is capable of triggering active re-modelling of 

the tumour microenvironment which in turn preserves anti-tumour immunity. Analysis of 

single-cell RNAseq data from tumour-infiltrating CD45+ cells found that transcriptional 

changes within the myeloid compartment to promote less pro-tumourigenic macrophages 

may be key to modulating tumour control. Consequently, future experiments will attempt to  

elucidate whether macrophages are the key to enabling CD8+ T cell-dependent anti-tumour 

responses in KO tumours. This work highlights MHC-independent pathways within the 

immune microenvironment which are absent or enhanced following loss of IFNγ sensitivity, 

to better understand the paradoxical effects of IFNγ on tumour control over time. 
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General Introduction 

1.1 Defining cancer: A cell biologist versus immunologists’ view 

 Cancer represents a group of heterogeneous diseases which share the feature of 

uncontrolled cell division in a malignant manner. From a cell biologists’ standpoint, cells 

which become progressively more neoplastic will acquire specific survival mechanisms in 

succession. A guiding principle of these mechanisms was coined in 2000 as the hallmarks of 

cancer, which describes the different methods by which pathogenesis is achieved.1 

However, defining cancer using these hallmarks is challenging; benign and malignant 

tumours share five of the six original hallmarks, and not all are found in all tumour types 

universally.2 The original hallmarks did not recognize extracellular factors, such as the 

immune response, which are key in impeding cancer progression. A revision of these 

hallmarks in 2011 included additional mechanisms which were further reaching, such as 

tumour-promoting inflammation, or evasion of immune destruction, and began to recognize 

processes external to the cancer cells which affects growth and metastasis (Figure 1).3 
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Figure 1. Hallmarks of cancer. The original hallmarks of cancer, shown in grey, are characteristics acquired by 

cancer cells which allow them to persist and eventually develop clinical disease. Enabling factors and emerging 

hallmarks recognized cell extrinsic factors, such as adaptations in metabolism, or interaction with the immune 

system, which result in further survival advantages conferred to the cancer cells. Created with BioRender.com, 

adapted from Hanahan, D (2022).3 

 To an immunologist, cancer can be viewed as a disease of the immune system, 

whereby an individual’s immune cells have failed to detect and reject transformed cells 

which eventually lead to clinical disease. More importantly, it can be theorized that mutations 

cannot arise in cancer cells without selective pressure applied by the immune system. The 

remainder of the introduction for this thesis aims to outline the immunological processes 

which promote and inhibit cancer pathogenesis, and how our understanding of the role of the 

immune system in cancer has led to a new generation of therapies which subvert anti-

tumour mechanisms which have failed. In particular, we are interested in the role that 

cytokines, such as interferon gamma (IFNγ), play in orchestrating the anti-tumour response. 

Inadvertently, some of these mechanisms have been exploited by cancer cells for pro-

tumourigenic functions. 

 

1.2 Introduction to cancer and immunity 

1.2.1 Theories of tumour progression and immunity 

 The immunosurveillance theory postulates that cancer cells in the body arise 

continuously at a rate similar to pathogens, but are routinely cleared by the immune system 

due to tumour-specific antigens.4 Early experiments supported this theory as tumours 

implanted into syngeneic hosts were rejected whereas healthy tissues were not, indicating 

that tumours can acquire mutations which render them more immunogenic and 

distinguishable.5 Furthermore, the discovery of tumour-reactive T cells showed that tumours 

are capable of eliciting a specific immune response to self-tissues, which allowed for tumour 

eradication.6 Mutant murine models such as Rag1 knockout mice deficient in T, B and NKT 

cells7, IFNγ knockout8 and IFNγ-receptor knockout mice9 all showed significant deficiencies 

in their cancer immunosurveillance capabilities. However, these observations were made 
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primarily in murine models of cancer where tumours were chemically induced or genetically 

predisposed to occur.  

 Evidence for cancer immunosurveillance in humans is driven primarily by the 

observation that patients under strong immunosuppression following organ transplantation 

had much higher incidence of cancers.10 Immunodeficient individuals due to chronic infection 

such as HIV showed similar patterns of increased cancer risk.11 These observational studies 

were largely superseded by technologies which could definitively identify tumour-specific T 

cells and antibodies in humans thus demonstrating that the tumour is capable of eliciting a 

specific immune response.12,13 

Since then, a new and improved theory of cancer immunosurveillance, termed ‘cancer 

immunoediting’, has been introduced to further explain how immune involvement shapes 

tumour development over time (Figure 2).14 The first of three phases in tumour 

immunoediting is the elimination phase, which encompasses the theory of 

immunosurveillance as tumour cells are successfully identified, targeted, and cleared by an 

active immune response. The second phase, equilibrium, describes the process by which 

selection of tumour variants occurs due to immune pressure, and mechanisms of tumour 

clearance by immune cells which become increasingly ineffective. Clinically apparent 

disease occurs during the final phase of escape, where tumour cells successfully evade 

immune clearance, and have acquired resistance against immune detection. Although 

immune escape is often thought to be driven by genetic mutations by tumour cells, many 

pro-tumourigenic mechanisms also contribute to escape such as recruitment of immune cells 

which have immunosuppressive functions. 
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Figure 2. The three phases of cancer immunoediting and immune responses associated with each phase. 

Tumourigenesis is initiated by various factors which cause mutagenesis, or by genetically inherited cancer genes. 
During the first stage of cancer immunoediting, innate and adaptive immune responses actively recognize 
transformed cells carrying mutations which are highly immunogenic. Immune cells exert effector functions and 
secrete pro-inflammatory cytokines, which results in elimination of transformed cells before they become clinically 
apparent. In the next stage, equilibrium, tumour cells become less immunogenic through acquisition of mutations 
as a result of immune selective pressure. Outgrowth of these tumours is actively controlled by an active immune 
response which keeps the tumour growth in a state of dormancy. Continued immunoediting leads to the escape 
phase, whereby mutations acquired by the tumour now result in variants which cannot be targeted by immune 
cells, such as loss of MHC class I expression. Additional immunosuppressive mechanisms such as functions 
conferred by M2-like macrophages and CD4+ Treg infiltration prevent anti-tumour functions of effector cells. At 
this stage, clinically apparent disease develops, and outgrowth is no longer prevented by an active and effective 
immune response. Created with BioRender.com. 

In this thesis, we explore the concepts of immunoediting as we observe that loss of 

IFNγ-signalling in one tumour cell population effectively allows for immune escape over time. 

In our animal model however, the initial phase of elimination does not apply as the cell lines 

originate from a single host in which tumour immunosurveillance has already failed. In this 

way, we can explore and manipulate the other phases of immunoediting which are most 

applicable to human clinical disease. 
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1.2.2 CD8+ T cell-dependent anti-tumour immunity 

 One of the most important cell types in orchestrating the anti-tumour response are T 

cells. In cancer, naïve CD8+ T cells are cross-primed by a subset of dendritic cells (DCs) 

called cDC1 in the tumour-draining lymph node which promotes T cell maturation and 

trafficking to the tumour (Figure 3).15 Tumour-specific T cells infiltrate the tumour and 

produce the pro-inflammatory response required to stimulate other immune cells present. 

When CD8+ T cells recognize a tumour target, it can elicit apoptosis through production of 

cytotoxic granules (e.g. granzyme B and perforin), cytokine secretion (such as IFNγ and 

TNFɑ), or Fas-mediated cell death.16–18 

Figure 3. The cancer-immunity cycle describes the priming, circulation, and functions of T cells and 

tumour cells. Passive or active release of cancer cell antigens from apoptosis allows antigens to be picked up 

by migratory dendritic cells and APCs, which traffic between the tumour site and secondary lymph organs such 

as tumour-draining lymph nodes. Tumour antigen presented by APCs in the lymph nodes prime naïve T cells, 

which become activated and differentiate into cytotoxic T cells (CTLs) which enter into circulation and traffic to 

the tumour through vasculature. At the tumour site, CTLs extravasate into the tumour microenvironment to 

encounter its cognate antigen presented by the cancer cells, which leads to cytotoxic killing and elimination of 

cancer cells. This in turn completes the cycle by releasing more cancer cell antigen to continue the process of T 

cell immunity. Created with BioRender.com, adapted from Chen, D.S. and Mellman, I. (2013).19 
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 T cell receptors (TCRs) on CD8+ T cells interact with major histocompatibility 

complex class 1 (MHC-I) molecules on the surface of antigen presenting cells (APCs) and 

target cells such as tumour cells, which display peptides produced by cytoplasmic 

proteasomal digestion.20 More importantly, secondary signals from costimulatory molecules 

such as CD28, and tertiary signals in the form of pro-inflammatory cytokines, are required to 

be present for CD8+ T cell activation, differentiation, and proliferation.21,22 In cancer, resident 

DCs in the LNs23, migratory DCs which transfer antigen24, tumour-infiltrating DCs25, or 

antigen presentation by the tumour cells themselves26, all play a significant role in 

stimulating CD8+ T cells in situ. Mutations due to genome instability during carcinogenesis 

result in production of abnormal proteins which can be processed and presented as novel, 

non-self epitopes on MHC-I.27,28 These epitopes, termed neoantigens, are key in maintaining 

effective tumour recognition by cytotoxic T cells during anti-tumour immunity. Higher tumour 

mutational burden (i.e., the number of mutations found in tumours), in theory, dictates the 

greater chance that tumour neoantigens will be immunogenic.29  

Figure 4. Formation of T cell differentiation states during acute infection and vaccination versus chronic 

infection and cancer. During acute states of infection and vaccination (left), naïve T cells respond to antigen 

and differentiate into memory precursor effector cells (MPECs). As peak antigen load increases, MPECs fully 

differentiate into effector T cells and clonally expand into large cell numbers. As antigen decreases and infection 

is controlled, a majority of effector T cells die off and remaining long-lived memory T cells persist. Memory T cells 

(Tmem) reside long-term in secondary lymphoid organs, or remain in tissues as resident memory T cells (Trm) 

for reactivation if antigen re-exposure occurs. During chronic infection and cancer, naïve T cells respond to 

antigen in a similar manner to acute infection. After the peak of the antigen load occurs, the source of antigen is 

not fully cleared, and persists as a chronic infection or tumour growth. Precursor exhausted T cells are unable to 

clear the infection or clear the tumour, and develop into exhausted T cells (Tex). The terminally exhausted Tex 
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state express high levels of checkpoint receptors, and may persist as a self-renewing population, or lead to 

apoptosis. Figure retrieved from 30. 

An important feature of T cell-mediated immunity is their ability to form long-term 

memory against specific antigens. Upon antigen encounter during acute infection, effector T 

cells rapidly divide and exert cytotoxic functions to clear the pathogen (Figure 4).31 Once 

eliminated, most effector cells die, leaving behind a small pool of long-lived memory cells 

which re-activate rapidly if the same pathogen is encountered again.32,33 However, when the 

pathogen is not cleared and antigen remains, as is the case during the process of 

tumourigenesis, chronic stimulation of antigen-specific T cells can result in a dysfunctional 

state also known as T cell exhaustion.34,35  

 

1.2.3 T cell exhaustion and rescuing anti-tumour immunity 

 T cell exhaustion is characterized by progressive loss of effector functions, including 

decreased proliferation, cytokine production, and impaired cytotoxicity.36 Tumourigenesis is 

different from chronic infection in that cancer in humans are usually derived from single 

mutants, resulting in a co-evolutionary process between T cell dysfunction and disease 

progression.37  T cell exhaustion in cancer has been divided into two categories, early 

exhaustion, and late exhaustion, which are differentiated by observation that late exhaustion 

is marked by irreversible cellular and epigenetic changes.35 Despite the terms ‘dysfunction’ 

and ‘exhaustion’ used to describe these populations, recent studies demonstrate that 

dysfunctional T cells are a major compartment of intratumoural cells, and that ‘exhausted’ T 

cells are in fact highly proliferating, clonal, and continuously differentiating populations.38 

Thus, TIL dysfunctional represents a distinct T cell state compared to T cell exhaustion as 

classically described in chronic infection models.39,40 

 In tumour immunology, the terms ‘cold tumours’ versus ‘hot tumours’ have been used 

to describe the immunophenotypic response present in a given tumour microenvironment.41 

Whereas ‘hot tumours’ have been characterized by T cell infiltration and accumulation of 

pro-inflammatory cytokines in the TME, ‘cold tumours’ feature exclusion of T cells towards 
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tumour margins, and absence of T cell infiltration into the tumour altogether.42 However, it 

would appear that defining tumours simply by T cell infiltration would be misleading, as the 

determinants of ‘hot’ versus ‘cold’ status are heavily influenced by other factors in the TME.   

 

1.2.4 The many components of tumour microenvironment 

 Broadly speaking, the immune response to cancer involves both myeloid and 

lymphoid components (reviewed in detail in 43). Myeloid components include primarily 

monocytes, macrophages, dendritic cells, neutrophils, and myeloid-derived suppressor cells 

at significant frequencies, as well as mast cells and eosinophils. Lymphoid components are 

composed of T cells, B cells, and NK cells, with several subsets of each which have both 

pro- and anti-tumour functions. Examples of these cells and their functions are summarized 

in Table 1. It is worth noting that these are brief, and generalized descriptions as most 

cellular functions are contextual and/or cancer-specific.  

Table 1. Overview of tumour-infiltrating immune populations and their functions. 

Myeloid compartment 

Cell Type  Pro-tumour Functions Anti-tumour Functions References 

Neutrophils 

(tumour-

associated 

neutrophils) 

Release of ROS for oxidative 

DNA damage  

Release of DNA traps (aka NETs) 

to promote tumour cell 

proliferation 

 

Direct cytotoxicity towards tumour 

cells via nitric oxide production 

‘Trogoptosis’, or ingestion of 

cancer cell membranes  

44–48 

Monocytes 

(tumour-infiltrating 

monocytes) 

Promoting angiogenesis through 

paracrine signalling with 

angiopoietin-producing  

endothelial cells 

Secretion of cytokines (e.g., IL-1β, 

IL-8) to support cancer-related 

inflammation 

Phagocytosis of tumour-derived 

exosomes and fragments via 

antibody-mediated binding 

Differentiation into monocyte-

derived DCs which augment T cell 

function 

49–52 

Macrophages 

(tumour-

associated 

macrophages) 

TAMs: Promotion of epithelial-

mesenchymal transition of tumour 

and stromal cells 

M1 macrophages: Activation of 

lymphoid-dependent cytotoxicity 

via IL-6, IL-12 and TNF production 

53–56 
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TAMs: Release of tumour-

promoting growth factors (e.g., 

PDGF,  TGFβ1, HGF, bFGF) 

TAMs: PD-L1-mediated 

suppression of cytotoxic T cells 

Dendritic cells 

(DCs) 

mRegDCs: Immunoregulatory 

phenotype (Cd274, Cd200, 

Pdcd1lg2) upon tumour antigen 

uptake associated with reduced 

immunostimulatory function 

cDCs: Expression of IDO to drive 

differentiation of CD4+ T cells into 

Tregs 

cDC1s and cDC2s: Capture and 

delivery of tumour antigen for 

cross-presentation to cytotoxic 

CD8+ and CD4+ T cells  

cDC1s: Production of T cell 

chemoattractants (CXCL9/10) and 

cytokines for activation (IL-12) 

57–61 

Myeloid-derived 

suppressor cells 

(MDSCs) 

Recruitment of Tregs via 

production of CCR5 ligands 

CCL3, CCL4 and CCL5 and 

induction of Tregs via IFNγ and 

IL-10 

Direct suppression of effector T 

cells via secretion of TGFβ and IL-

10 

Production of IFNγ-derived nitric 

oxide for suppression of T cell 

proliferation 

 62–65 

Other 

Granulocytes 

(mast cells, 

basophils, 

eosinophils) 

Mast cells: Release of proteases 

such as tryptase and chymase 

which degrade the extracellular 

matrix and allow for tumour 

expansion 

Basophils: Production of IL-4/IL-

13 for M2 macrophage and Th2 

response induction 

Mast cells: Production of 

CXCL10, CCL3 and CCL5 that 

recruit CD8 and CD4 T cells 

Basophils: Production of TNF 

and granzyme B for direct tumour 

cell lysis/apoptosis 

Eosinophils: Production of CCL5, 

CCL9 and CXCL10 for recruitment 

of CD8+ T cells and IFNγ/TNF for 

skewing towards Th1 responses 

66–68 

Lymphoid compartment 

Cell Type  Pro-tumour Functions Anti-tumour Functions References 

NK cells  Recruitment of cDC1s via CCL5 

and XCL1/2 

Direct lysis of tumour cells through 

activating receptors, or ‘missing 

self’ on tumour cells 

Indirect recognition of tumour cells 

via antibody-dependent cell 

cytotoxicity 

69–71 
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CD4+ T cells Tregs: CTLA4-mediated 

suppression of APCs which 

inhibits activation/priming of 

cytotoxic T cells 

Tregs: Depletion of available IL-2 

for cytotoxic T cells via 

competitive consumption 

 

Th1: Licensing of cDC1s for 

efficient cytotoxic T cell priming 

Th1/Tfh: Recruitment of tumour-

infiltrating lymphocytes for 

induction/formation of tertiary 

lymphoid structures 

Th1: Activation of NK and 

cytotoxic T cells via IL-2 

production 

72–76 

CD8+ T cells  Direct lysis of tumour cells via 

granzyme B and perforin release 

Primary producer of IFNγ, IL2, 

TNFɑ for stimulation and 

upregulation of antigen 

presentation by other immune 

cells 

Formation of anti-tumour memory 

responses and stem-like niche in 

secondary lymphoid organs 

77–79 

B cells Regulatory B cells: Secretion of 

IL-10, IL-35 and TGFβ to inhibit 

CD8+ T cell responses and 

conversion of CD4+ T cells into 

Tregs in a TGFβ-dependent 

pathway 

Antigen presentation of tumour-

specific antigens for T cell 

activation in the tumour 

Formation of tertiary lymphoid 

structures which prolong anti-

tumour responses 

Production of tumour-specific 

antibodies to enable antibody-

dependent cellular cytotoxicity 

80–83 

 

1.2.5 Origins, recruitment, and functions of tumour-associated macrophages 

 Tumour-associated macrophages are one of the most abundant immune cell types in 

the tumour microenvironment, and harbour both tumour promoting and suppressing 

functions.84 Although tissue macrophages were originally believed to originate from blood 

monocytes which emerge from bone marrow hematopoietic stem cells at a constant rate, 

fate mapping studies have shown that circulating monocytes only differentiate into 

macrophages in specific tissues such as dermis, intestine, and heart.85,86 In other tissues 

such as skin, liver, or lung, macrophages are derived from embryonic precursors from the 

yolk sac and fetal liver.87 As such, tumours in different locations may very well recruit 
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macrophages of specialized function which contribute to the overall TME. Experimental 

evidence showed that up to 50% of the TAMs found in murine brain, lung and pancreatic 

tumour models were derived from tissue-resident macrophages, and were associated with 

higher expression of immunosuppressive genes.88–90  

Figure 5. Pro-tumourigenic functions of tumour-associated macrophages. TAMs have universal functions in 

the tumour microenvironment by secreting cytokines, chemokines, proteases, and growth factors which act on a 

large number of different targets. (Top left) TAMs remodel the local tissue structure by degrading the extracellular 

matrix (ECM) with matrix metalloproteinases (MMPs), and promoting angiogenesis via IL-1 and VEGF secretion. 

(Bottom left) TAMs promote tumour growth and metastasis through production of reactive oxygen species such 

as nitric oxide, which induces genome instability cancer cells. Growth factors such as epidermal growth factor 

stimulate epithelial-to-mesenchymal transition of structural cells and promotes cancer stem cell survival. (Right) 

Major functions of immunosuppression is through skewing and differentiation of lymphocytes towards Th2, and 

suppression of effector functions by cytotoxic T cells (CTLs) and NK cells via metabolic modulation or inactivation 

via inhibitory receptors. TAMs also recruit additional monocytes from the periphery, and suppress effector activity 

indirectly by inhibiting DC function in the tumour. Created with BioRender.com. 

 

 While macrophages have the potential to kill tumour targets, damage vasculature, 

phagocytose tumour antigens and mediate antibody-dependent cytotoxicity, TAMs often 

contribute to tumour progression by promoting angiogenesis, cancer cell proliferation, and 

suppression of effector T cell responses (Figure 5). As such, presence of significant 

macrophage infiltration in human tumours is associated with poor prognosis.91 TAMs are 
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primarily recruited as monocytes in circulation primarily rely on M-CSF, CCL2, CX3CL1, 

CCL3 and CCL5 as chemoattractants into the tumour microenvironment.92 M-CSF, encoded 

by the gene Csf1, functions to recruit monocytes and polarize them toward M2 phenotypes, 

but also plays a role in self-renewal of tissue-resident macrophages.93,94 CCL2 acts as the 

strongest chemoattractant for CCR2+ monocytes, and a clear clinical correlation between 

high CCL2 expression and TAM infiltration has been implicated.92,95,96 

 TAMs express high levels of PD-L1, which has significant implications on the efficacy 

of anti-PD-1 and anti-PD-L1 ICB. Although PD-L1 expression by immunohistochemistry is a 

diagnostic tool which stratifies patients who are eligible for therapy, it is not a robust 

biomarker for successful clinical outcomes. Indeed, studies have shown that PD-L1 on 

tumour cells was not predictive of ICB responsiveness; rather, PD-L1 expression by host 

myeloid cells in the tumour were indispensable for therapy success.97 Apart from checkpoint 

blockade, other strategies to target TAMs include depletion using anti-CSF1R/CCL2/CCR2 

antibodies, or antagonists of CCR2 and CCR5 to modulate their recruitment to the TME.84,98 

These are currently being tested in the clinic, often in combination with anti-PD-1/PD-

L1/CTLA4 therapy or traditional chemotherapy.99 

 

1.2.6 The role of inflammation in tumour progression 

 Inflammation is a biological response triggered by infection, tissue damage and other 

harmful stimuli, and is necessary in the control of pathogens or repair of tissues.100 

Uncontrolled inflammation which continues to disrupt tissue homeostasis is the underlying 

cause of many diseases, including several cancer types.101 Up to 20% of cancers are 

caused by chronic inflammation, such as in sustained Helicobacter pylori infection in gastric 

cancer.102 At the same time, cancer also causes inflammation as cancer cell elimination is an 

inherently inflammatory process which requires T cell cytotoxic functions and recruitment of 

innate immune cells such as NK cells. As tumour growth progresses, the immune cell 

subtypes infiltrating the tumour become increasingly tolerogenic, and the tumour 

microenvironment becomes chronically inflamed.103 Although inflammatory cytokines are 
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crucial for the initial anti-tumour response, chronic, persistent and dysregulated production of 

these molecules instead support cancer progression.6  

 Many of the cytokines in chronic inflammation of cancer have dual roles (Figure 6). 

Our group has recently focused on the role of interferon gamma (IFNγ) during 

tumourigenesis as it is responsible for a plethora of both anti- and pro-tumour responses 

across many types of cancer. Furthermore, recent studies have shown that immunotherapy-

resistant tumours acquire mutations within the IFNγ signalling pathway which render them 

IFNγ-insensitive.105 The upcoming sections aim to detail the function, role and biological 

relevance of IFNγ in cancer immunology. 

Figure 6. Cytokine networks in the tumour microenvironment. Diagram which shows the immune and non-

immune components of the microenvironment. Anti-tumour effects of cytokine signalling are shown on the left, 

and pro-tumour effects on the right. Figure retrieved from 106. 

 

1.3 Introduction to IFNγ and signal transduction 

1.3.1 IFNγ structure and its cognate receptor 

 Interferon gamma, also referred to as type II interferon, is key cytokine essential for 

nearly all adaptive immune responses.107 IFNγ is structurally dissimilar from type I 
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interferons (IFNɑ and IFNβ) as it adopts a homodimer structure, whereas IFNɑ/β are 

monomeric.108 The cognate receptor for IFNγ is composed of IFNGR1 and IFNGR2 chains, 

which are independently expressed in humans by two genes located on chromosome 6 and 

21, respectively (Figure 7).109,110 Furthermore, the two chains have independent functions 

which are both required for signal transduction; IFNGR1 binds IFNγ dimers with high affinity, 

and the intracellular tail of IFNGR2 contains docking sites for Janus kinase 1 (JAK1) binding. 

Functionally, IFNGR1 and IFNGR2 are not tightly associated prior to interaction with IFNγ, 

and do not possess intrinsic tyrosine phosphorylation activity.  

Figure 7. The IFNγ signalling pathway. Signal transduction begins when a IFNγ homodimer binds to the high 

affinity receptor subunit IFNGR1, which induces rapid dimerization to create a binding site recognized by the 

extracellular domain of IFNGR2. The heterodimeric complex consists of two IFNGR1 chains and two IFNGR2 

chains, bringing together Jak1 and Jak2 kinases which are constitutively associated with each intracellular 

domain of the receptor subunits, respectively. Once in close proximity, Jak2 autophosphorylates and 

transphosphorylates Jak1, which enables phosphorylation of an intracellular IFNGR1 tyrosine and acts as  

STAT1 docking sites on the ligated receptor. Two STAT1 molecules are brought together in close proximity of the 

activated JAKs, which lead to STAT1 phosphorylation. The phosphorylated STAT1 homodimers translocate to 

the nucleus, acting as transcription factors which bind to gamma interferon activation sites (GAS) for induction of 
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the primary interferon-stimulated genes (ISGs) such as MHC class I molecule subunits and PD-L1. Most notably, 

the primary response results in transcription and translation of interferon response factor 1 (IRF1), which can 

recognize IFN-stimulated response elements (ISREs) for transcription of secondary response genes for 

production of type I IFNs, pro-inflammatoy cytokines, etc. Created with BioRender.com. 

 Downstream signalling of IFNγ is dependent on JAK1 and JAK2, which bind to 

IFNGR1 and IFNGR2, respectively, but are not enzymatically active until brought into close 

proximity by IFNγ ligation.111,112 IFNγ binding induces autophosphorylation of JAK2, and 

further transphosphorylation of JAK1.113 A conformational change in the phosphorylation of 

IFNGR1 allows for docking of transcription factor STAT1, which is then phosphorylated by 

JAK2.114 Phosphorylation of STAT1 dimers facilitate its translocation to the nucleus, where it 

can bind to conserved IFNγ activation sites (GAS) which activate transcription of interferon 

stimulated genes (ISGs).115 

 ISGs are any genes which are induced by IFN stimulation. Many ISGs following IFNγ 

stimulation are transcription factors themselves, such as interferon regulatory factor 1 and 9 

(IRF1 and IRF9) which drive the next wave of transcription.116 ISGs include many proteins 

which have immune modulatory functions, including chemokines, pattern recognition 

receptors (PRRs) and key antiviral or antibacterial cytokines.117 

 

1.3.2 Molecular regulation of IFNγ signalling 

 IFNGR1 and IFNGR2 are differentially regulated in expression, which provides a 

mechanism for controlling IFNγ signalling. While IFNGR1 is ubiquitously expressed by all 

nucleated cells in the body, many studies have shown the several different cell types 

modulate IFNGR2 expression as a way to regulate IFNγ signal transduction.118,119 For 

example, naïve T cells retain expression of IFNGR2 and remain IFNγ-sensitive, whereas 

neither IFNGR2 protein nor mRNA transcript was detected in polyclonally activated T 

cells.120 Furthermore, high levels of IFNGR2 surface expression can induce rapid activation 

of STAT1 and interferon regulatory factor-1 (IRF-1), which then triggers apoptosis.121 In 

macrophages, high IFNGR2 expression following bacterial infection facilitates apoptosis of 

infected macrophages.122 Conversely, low surface expression was correlated with 
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proliferation, which demonstrates how IFNγ is able to produce both population expansion 

and contraction of T cells, as well as other immune populations during immune responses.121 

 Negative regulation of JAK/STAT signalling following IFNγ stimulation is also 

facilitated by the suppressor of cytokine signalling (SOCS) family of proteins.123 SOCS1 

expression is induced following IFNγ stimulation and directly inhibits JAK1 and JAK2 

catalytic activity to suppresses phosphorylation and further signal transduction.124 

Furthermore, JAK proteins may be dephosphorylated by protein tyrosine phosphatases 

(PTPs) SHP-1 and SHP-2 and have been shown to limit the inhibitory effects on proliferation 

elicited by IFNγ.125 Lastly, phosphorylated STAT1 homodimers bound to DNA are 

dephosphorylated by PTPs which then enables nuclear protein export and termination of 

signaling.126,127 

 

1.4 IFNγ in the context of cancer 

1.4.1 Animals tumour models deficient in IFNγ-signalling 

 Genetically modified animal models have been instrumental in understanding how 

IFNγ influences host anti-tumour responses. In early studies using chemically-induced 

fibrosarcoma, knockout of IFNGR or STAT1 in mice resulted in larger, and more frequent 

tumour formation than in WT mice.8 This supported the hypothesis that cancer 

immunosurveillance was dependent on IFNγ-signalling in the host. Furthermore, tumours 

grown in the absence of IFNγ (i.e., IFNγ-deficient mice) were rejected more readily when 

transplanted into WT hosts compared to tumours grown in WT hosts. This indicates that 

selective pressure is dependent on IFNγ, and tumours grown in the absence of IFNγ are 

able to retain their immunogenicity. Tumours engineered to be IFNγ-insensitive also resulted 

in more frequent and larger tumour formation compared to controls.9 Control tumours, but 

not IFNγ-insensitive tumours, were also responsive to LPS-induced tumour regression which 

is an IFNγ-dependent mechanism. This study was one of the first to show that the tumour 
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itself is a key target for IFNγ, and IFNγ plays an indispensable role in development of 

lymphocyte-dependent anti-tumour immunity. 

 Although these early studies led us to believe that the role of IFNγ in cancer is 

primarily anti-tumourigenic, there is now significant evidence that these effects are only true 

during the elimination phase of immunoediting. During immune escape, the pro-tumour 

effects of IFNγ become much more apparent, as IFNγ-driven upregulation of checkpoint 

receptors successfully subvert T cell cytotoxicity in the tumour. 

 

1.4.2 The anti-tumour effects of IFNγ 

 In the tumour microenvironment, IFNγ is secreted by activated CD4+ (Th1) T cells, 

CD8+ T cells, γδ T cells, NK cells, and NKT cells. The anti-tumour effects of IFNγ are well-

supported by clinical observations where higher expression of IFNγ pathway genes are 

associated with better responses to immune checkpoint blockade therapy.128,129 

 IFNγ has opposing effects on T cell subsets depending on the subtype; in Th1 cells, 

IFNγ stimulation maintains T-bet expression and re-enforces Th1 differentiation and genetic 

stability.130 Conversely, IFNγ induces Treg fragility resulting in loss of suppressive activity 

and tumour tolerance.131 In DCs, monocytes, and macrophages, IFNγ is the primary inducer 

of CXCR3 ligands CXCL9, CXCL10 and CXCL11.132 These chemokines are key in recruiting 

effector T cells and NK cells to the tumour and has been shown to be a critical component of 

effective immunotherapy regimens.133,134 IFNγ also supports tumouricidal activity of 

macrophages by stimulating the production of nitric oxides, and upregulates production of 

additional pro-inflammatory cytokines such as IL-1β, TNFɑ, and IL-12.135,136 In turn, IL-12 

induces additional IFNγ production by intratumoural Th1 cells, enabling a multicellular 

positive feedback loop which sustains anti-tumour immunity.137  

 Aside from immune cells, IFNγ can directly inhibit tumour cell proliferation via 

suppression of cyclin-dependent kinase activity and c-myc expression, which is a 

transcription factor important for regulation of cellular proliferation.138–140 IFNγ also sensitizes 

tumour cells to caspase-dependent programmed cell death through upregulation of caspase-
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1 and 8.141,142Apoptosis can also be indirectly induced through Fas and Fas ligand 

upregulation following IFNγ exposure, however, this is not limited to tumour cells and has 

also been shown cause apoptosis of other cells including tumour stroma.143 By the same 

mechanisms, T cell-derived IFNγ is also a potent inhibitor of angiogenesis through 

suppression of endothelial cell survival and proliferation.144–146 Indirectly, IFNγ can skew 

macrophages toward an M1-like phenotype which suppresses vascular endothelial growth 

factor (VEGF) secretion which reduces intratumoural angiogenesis.147 

 A final key function of IFNγ relevant for anti-tumour immunity is the upregulation of 

MHC-I and MHC-II on nearly all cells in the tumour microenvironment. IFNγ upregulates 

enzymatic components of the immunoproteasome LMP2, LMP7 and MECL-1, which replace 

the constitutive expressed subunits β1, β5, and β2 during inflammation.148,149 The 

immunoproteasome is important for priming tumour-specific CD8+ T cell responses as it 

alters the quantity and diversity of peptides presented by APCs on MHC-I.150 Similarly, 

constituents of the MHC-II complex, MHC-II transactivator (CIITA), and invariant chain (Ii) 

which enables peptide binding to the MHC-II molecule are also upregulated in response to 

IFNγ.151,152 The effects of IFNγ are non-specific, and causes upregulation of MHC-I and II on 

virtually all cells in the tumour microenvironment. This allows tumour cells to be targeted by 

CD8+ T cells and NK cells through presence or absence of MHC-I, respectively.17,153 As 

expected, evasion of MHC-I-dependent killing is a primary mechanism of immune 

resistance, which will be discussed in the following sections. 

 

1.4.3 The pro-tumour functions of IFNγ 

 The pro-tumourigenic effects of IFNγ are primarily indirect, such as suppression of 

cytotoxic immune functions rather than direct promotion of tumour cell growth. IFNγ 

upregulates indoleamine 2,3-dioxygenase (IDO) which is widely expressed by DCs, 

macrophages, endothelial cells, and tumour cells themselves.154 IDO is a negative 

prognostic marker in many human solid tumours, and has been shown to promote Treg 
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differentiation and recruitment in animal models.155–157 Furthermore, Tregs can also condition 

DCs to express IDO, which further amplifies its effects in a positive feedback loop.158 

 Low doses of IFNγ present in the tumour microenvironment is associated with poorer 

patient survival, indicating that the functions of IFNγ may be concentration dependent. This 

was attributed to inducing tumour stemness rather than apoptosis by upregulation of ICAM-1 

and CD133 on tumour cells.159 IFNγ-dependent ICAM-1 expression on tumour cells confers 

an especially aggressive phenotype and eventual metastasis as its adhesion properties can 

enable transendothelial tumour cell migration into circulation.160,161  

 IFNγ can also drive cytokine-induced senescence of cancer cells, which contributes 

to the success of some therapies162, but also contributes to relapse and metastasis as 

senescent cells retain cellular longevity.163 Recent studies have shown that cancer cell 

senescence may render the tumour more sensitive to local IFNγ, which boosts MHC-I-

dependent tumour rejection.164 However, this may be occurring only in treatment-naïve 

animal tumour models, as therapy-induced senescence has been observed in patients 

following chemotherapy or radiotherapy treatments.165 While it is beneficial that the cancer 

cells are under growth arrest, they acquire a secretory phenotype for immunosuppressive 

cytokines such as IL-6 and IL-8, which increases neighbouring cell invasiveness and 

stemness.166,167 Whether IFNγ can cause immune cell senescence through prolonged 

exposure in the context of cancer remains to be explored. 

 Lastly, a major function of IFNγ is the induction of programmed death-ligand 1 (PD-

L1) upregulation on tumour, stromal, and myeloid cells, which inhibits activated T cells via its 

receptor, PD-1.168 PD-1/PD-L1 interactions are important for limiting excessive T cell 

activation which prevents autoimmunity during tissue homeostasis and wound healing. 

However, engagement of PD-L1 on tumour cells and APCs causes T cells dysfunction and 

suppresses anti-tumour activity.169,170 As a result, the PD-1/PD-L1 pathway has significant 

clinical relevance due to the clinical benefit of antibodies which can interrupt this pathway 

and restore anti-tumour immunity in several types of solid tumours.168 The target of PD-1 

signalling was recently reported to be CD28, which provides co-stimulatory signals in 
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addition to T cell receptor-(TCR) based for efficient T cell activation.171 In addition to PD-L1, 

CTLA4 was also found to be upregulated by IFNγ on human melanoma cell lines, indicating 

the possibility that multiple immune checkpoint pathways can be triggered simultaneously by 

IFNγ.172  

 

1.5 The role of IFNγ in immune checkpoint blockade 

1.5.1 Immune correlates of checkpoint blockade therapy  

 In 2013, the Science ‘breakthrough of the year’ revolved around significant 

discoveries in the field of cancer immunotherapy, one of which was the use of antibodies in 

the blocking of immune checkpoint receptors.173 These receptors include, but are not limited 

to, PD-1, CTLA-4, LAG3, TIM3, TIGIT, and BTLA, which function as inhibitory receptors on 

multiple immune cell subsets to limit their activation.174 As a result, immune checkpoint 

blockade (ICB) has shown magnificent success in the treatment of some cancer types as 

they block the inhibitory ligand-receptor interaction, thereby restoring anti-tumour responses 

which were formerly inhibited by these pathways.175  

 Response rates for single agent ICB such as anti-CTLA4 and anti-PD-1 in melanoma 

were reported to be 19% and 43.7%, respectively, while combination therapy increased to 

57.6%.176 Although ICB has significantly improved overall survival of patients and can 

achieve complete responses in some patients, many patients do not respond to therapy, or 

experience ICB-resistant relapse.177 In anti-PD-1 ICB for example, patients are screened for 

intratumoural PD-L1 expression prior to treatment, yet only a third of treated patients with 

PD-L1+ tumours showed objective response. More confoundingly, up to 15% of patients with 

PD-L1- tumours also showed response to therapy, indicating that there must be underlying 

mechanisms which are not fully understood.178 

 Immune biomarkers are used in the predicting and understanding of ICB 

responsiveness and resistance. Early reports showed that pre-treatment CD8+ TIL 

infiltration, and high infiltration of T cells overall, were significant biomarkers for positive anti-
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PD-1 treatment response in melanoma.179,180 Responding patients have higher tumour 

mutational burden and presence of neoantigens, which are tumour-specific mutations which 

harbour greater immunogenicity due to its aberrant nature compare to normal tissues.181 

Studies comparing transcriptomes of tumours from non-responding patients show an 

upregulation of genes involved in epithelial-to-mesenchymal transition, cell adhesion, 

extracellular matrix remodelling, angiogenesis, and wound healing.182 Similarly, 

transcriptional analysis of tumours from anti-PD-1 responders contained IFNγ-responsive 

genes including antigen presentation, chemokine expression, and T cell cytotoxicity.183,184 

These transcriptional pathways overlap with the anti- and pro-tumour functions of IFNγ, 

which shows the likely role this cytokine has in determining treatment success and failure.  

 

1.5.2 Primary and acquired resistance against ICB 

 Primary resistance occurs when patients do not respond to therapy upon treatment, 

whereas acquired resistance occurs following initial response to therapy followed by therapy 

resistance and disease progression (Figure 8).185,186 Generally speaking, primary and 

acquired resistance is established when tumour cells evade T cell-dependent cytotoxicity, 

and this occurs primarily through loss of antigen presentation mechanisms, or becoming 

resistant to IFNγ.  

 Downregulation of MHC-I is correlated with poor prognosis and primary resistance to 

ICB, and has been described in 40-90% of human tumours.187,188 Reduction of MHC 

expression can be achieved through genetic mutations in the components of antigen 

presentation, but also dysregulation of protein expression at the epigenetic or post-

translational level.189 Mutations in the antigen presentation machinery components such as 

beta-2-microglobulin (β2m) and peptide processing proteins impair the presentation of 

peptides on MHC class I and II.190–192 Mutations in the transporter associated with antigen 

processing (TAP) complex or tapasin, which are essential for peptide-loading onto MHC-I, 

are also frequently found in many cancer types.193 Downregulation of MHC-I may also be 

driven by downregulation of upstream NF-κB-dependent signalling194, or microRNAs which 
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suppress mRNA translation post-transcriptionally.195,196 Although T cell-derived IFNγ 

counteracts some mechanisms of MHC-I downregulation, MHC-I low or mutated tumours 

often lack T cell infiltration197,198, or gain resistance to IFNγ in response to selective pressure. 

Figure 8. Tumour-intrinsic primary, adaptive, and acquired resistance pathways to immune checkpoint 

therapy. Factors which lead to primary or adaptive resistance (left) and acquired resistance (right) which are 

intrinsic to the tumour itself. Primary resistance is a result of the natural immune response against the tumour in 

the absence of immunotherapy, whereas acquired resistance are traits gained following immunotherapy. Both are 

the result of immune selective pressure, and pathways are not restricted to one type of immune resistance. 

Created with BioRender.com, adapted from Sharma, P., et al. (2017).185 

Mutations for all components of the IFNGR1 pathway (e.g. IFNGR2, JAK1/2, STAT1 

and IRF1) have also been found in human tumours during both primary or acquired 

resistance to ICB.105,182,199–202 Lack of IFNγ response by tumour cells also mitigates the anti-

proliferative or apoptotic effects exerted by the cytokine. Although PD-L1 upregulation is 

reduced in these tumours, the MHC-I-low and PD-L1-low phenotype is likely not conducive 

to ICB treatment efficacy.201 Human cancer cell lines have also demonstrated elevated 
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expression of multiple SOCS family proteins, which inhibits JAK-STAT-dependent signalling 

and confers resistance against IFN-dependent signalling.203 

 

1.5.3 Strategies to overcome primary and acquired ICB resistance  

 As ICB resistance is primarily dependent on MHC-mediated, T cell-dependent 

mechanisms, strategies to overcome escape may include restoring MHC expression, or 

harnessing non-MHC-dependent pathways of anti-tumour immunity. Studies have shown 

that loss of tumour IFNγ sensitivity does not necessarily abolish recognition by T cells.202,204  

Patient-derived melanoma cell lines carrying JAK1 or JAK2 knockouts retained basal MHC-I 

expression and the capacity to activate tumour-specific T cells in vitro. Recent studies have 

also shown that loss of MHC-I upregulation due to IFNγ-signalling deficiencies can be 

rescued using TLR agonist mimetics which induces MHC-I expression in an IFNγ-

independent manner.205,206 Similarly, activation of innate immunoreceptors such as retinoic 

acid-inducible gene I (RIG-I) has been shown to induce antigen presentation by tumour cells, 

thereby restoring T cell activity.207 

 For strategies which circumvent MHC expression, CD8+ T cell-derived IFNγ was 

capable of maintaining Fas/FasL-dependent apoptosis of antigen-negative cells.208 Recent 

studies which use β2m-/ β2m+ mosaic tumours in mice show that long-distance effects of 

IFNγ within the tumour are able to suppress outgrowth of antigen-negative cells in these 

tumours.209 Lastly, loss in MHC-I-dependent recognition may be overcome by CD4+ T cell 

cytotoxicity, which has been demonstrated in MHC-I-/MHC-II+ tumours.210 As MHC-I acts as 

a primarily ligand for NK inhibitory receptors, strategies to boost NK-dependent anti-tumour 

functions are also of considerable importance.211  

 Given the important effects of IFNγ on tumour immunity, clinical trials have attempted 

to administer IFNγ systemically or locally in patients to treat solid tumours. Clinical 

responses were unfortunately very limited in the absence of other therapies.212–214 IFNγ 

therapy was also hindered by detrimental side effects experienced by patients which 

included leukopenia and fever, likely due to non-specific systemic immune activation. 
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However, biweekly intraperitoneal injections over 3-4 months showed some response in a 

third of patients with ovarian cancer, indicating certain modes of delivery and tumour types 

may be amenable to IFNγ treatment.215 Although it is not known for certain why IFNγ 

therapies have largely failed, it is likely that IFNγ itself cannot overcome the 

immunosuppressive mechanisms present in the tumour microenvironment, and may even 

contribute to pro-tumour effects. More recent trials (NCT03063632 and NCT02614456) have 

attempted to combine IFNγ with ICB in multiple tumour types, although these studies have 

not yet concluded. 
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1.6 Thesis rationale and objectives 

 As resistance to IFNγ is a primary and acquired immune escape mechanism found in 

nearly all solid cancers, a novel approach is needed for patients who are not responsive to 

treatment, or develop resistance to treatment over time. Furthermore, the role of IFNγ in 

shaping anti-tumour immunity and how it affects the efficacy of checkpoint blockade show 

seemingly paradoxical roles in literature and clinical observations.  

 To better understand how IFNγ-deficiency on tumour cells shape the tumour 

microenvironment over time, we aimed to address the following objectives: 

1) Establish a IFNγ-insensitive murine tumour model whereby IFNGR1 expression is 

ablated using CRISPR-Cas9, and investigate the immunological changes which are 

involved in the anti-tumour response 

2) Assess an admixture tumour model consisting of wild-type and IFNGR1 knockout 

cells, and investigate the effects of immune selective pressure on immune escape 

3) Characterize the immune infiltrating populations in the established WT and 

IFNGR1KO tumour models using an unbiased transcriptomic approach and validate 

preliminary findings with experimental data 
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Materials and Methods 

2.1 Mice. 

C57BL/6J (B6) WT male mice from 6 to 10 weeks old were purchased from Charles River 

(JAX number – 000664) and housed 1-2 weeks before experimentation. IFNγ-GREATYFP 

(JAX number – 017580), CD8 KO (JAX number – 002665), and IFNγ KO (JAX number – 

002287) mice were housed and bred under specific pathogen-free/SPF conditions in the in-

house animal facilities at the University of Oxford. Experimental and control animals were 

co-housed. For bone marrow chimeras, recipient CD45.1 mice (JAX number – 002014) were 

irradiated with 4.25Gy per cycle for two irradiation cycles 4 hours apart. Bone marrow from 

WT B6, IFNγ KO, or NKp46iCreR26RDTR (NK-DTR, a kind gift from the group of Prof. Tal 

Arnon) mice were isolated from the femurs of 8–10-week-old male mice. Isolated bone 

marrow was mixed 1:1 WT:IFNγKO or NK-DTR:IFNγKO at a final concentration of 1x106
 

cells per 100µL and administered intravenously to irradiated hosts. For CB6F1 mice, male 

C57Bl/6 mice were bred with female Balb/c mice (JAX number – 000651) to generate F1 

offspring.  

 All experiments involving mice were conducted in agreement with the United Kingdom 

Animal Scientific Procedures Act of 1986 and performed in accordance with approved 

experimental procedures by the Home Office and the Local Ethics Reviews Committee 

(University of Oxford) under UK project license P4BEAEBB5 and PP3609558. In all 

instances, mice were euthanized by CO2 asphyxiation followed by cervical dissociation.  

 

2.2 Cell lines and culture conditions. 

In chapters 3 and 5, the B16F10 murine melanoma cell line expressing mCherry, ovalbumin 

and containing a knockout of tyrosinase (B16-OVA-mCherry) kindly provided by Dr. Edward 

Roberts from the Beatson Institute (Glasgow, UK) was used. For chapter 4, the B16F10 cell 

line originating from the lab of Prof. Vincenzo Cerundolo was modified to express ZsGreen-

minOVA or mCherry-minOVA. minOVA constructs (sequence kindly provided by Dr. Ed 
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Roberts) were generated by molecular cloning of minimal OVA epitopes for CD4+ (OVA329-

337) and CD8+ (OVA257-264) T cells fused to the C-terminus of the individual fluorescent protein 

sequences. Constructs were subcloned into a pHRSIN lentiviral backbone for stable 

transduction of cell lines. Transduced cell lines were sorted for positive expression of 

ZsGreen or mCherry by fluorescence activated cell sorting (FACS). CT26 murine colon 

adenocarcinoma obtained from the lab of Prof. Cerundolo were modified to express OVA or 

human NY-ESO1 antigens using pHRSIN lentiviral vectors encoding for expression of the 

given protein. All cell lines were cultured in RPMI 1640 (Gibco, Cat. 21870-076) 

supplemented with 10% FCS (Sigma, Cat. F9665-500ML), and 1X penicillin/streptomycin/L-

glutamine (Gibco, Cat. 10378-016) (referred to as R10 medium). Cell lines were kept at 

37°C in 5% CO2. 

 

2.3 CRISPR-Cas9 knockout of IFNGR1.  

Knockout of murine IFNGR1 in the aforementioned cell lines was completed using CRISPR-

Cas9-mediated gene editing described by Ran et al. (2013).216 Briefly, the single guide RNA 

(sgRNA) design tool CRISPOR217 was used to generate candidate sgRNAs against exon 1 

or 2 of murine IFNGR1. Double stranded sgRNA oligos were cloned into pX458 backbone 

(Addgene) containing Cas9 expression and GFP expression, followed by validation via 

Sanger sequencing. Target murine cell lines were transiently transfected using 

Lipofectamine 3000 (Invitrogen, Cat. L3000001) with pX458 vectors containing the sgRNA 

against IFNGR1. After 48 hours, cells were single-cell sorted into individual wells of a 96-well 

plate. Single cell clones were expanded and stimulated with 1 ng/mL recombinant murine 

IFNγ (Peprotech, Cat. 315-05). Clones were stained for MHC-I H2-Db (or H2-Kd for CT26) 

expression by flow cytometry analysis. Five individual clones unresponsive to IFNγ 

stimulation were pooled to form the final cell line used in subsequent experiments. 
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2.4 Tumour induction and administration of immune-modifying agents. 

Cell lines were harvested at 50-70% confluency on the day of tumour injections using 

trypsin-EDTA (Sigma, Cat. T3924-500ML) and washed twice in PBS prior to resuspension at 

desired cell concentrations in PBS or PBS + 25% Matrigel (Corning, Cat. 354262, or Cat. 

256231). Mice were anaesthetized using isoflurane (Zoetis) and flanks were shaved prior to 

injection. Tumour were typically implanted subcutaneously in the right and/or left ventral 

flanks at a cell concentration of 1.00-1.25x106 cells per mL, resulting in implantation of 1x105 

or 1.25x105 cells per 100 µL injection. Alternative cell doses are indicated by specific 

experiment. Tumours were measured after 5-7 days post-injection using callipers and 

monitored for humane endpoints continuously until experimental termination. Tumour 

volumes were calculated using LˣWˣH in mm3. For experiments involving administration of 

blocking or depleting antibodies (BioXCell) or diphtheria toxin (Sigma, Cat. D0564), agents 

were resuspended in sterile PBS at desired concentrations. Mice were injected 

intraperitonially and monitored daily.  

 

2.5 Tissue processing and immune cell isolation. 

At experimental or humane endpoints of animal experiments, mice were sacrificed and 

tumours were measured, excised, and weighed before processing. Experimental endpoints 

ranged from day 7 to 15 post-implantation, and are independently described in 

corresponding figures. Humane endpoints were defined as any dimension in tumour length, 

width or height which exceeded 12mm by calliper measurement. Tumours were dilacerated 

using scalpels to obtain <1mm sized pieces and resuspended in R10 supplemented with 1 

mg/mL Liberase TL (Roche, Cat. 5401020001) and 10 µg/mL DNase I (Roche, Cat. 

11284932001) for enzymatic digestion. Tumour suspensions were incubated at 37°C for 30 

minutes before physical dissociation of remaining fragments through 70µm cell strainers to 

obtain single cell suspensions. Cells were counted by haemocytometer and trypan blue 

exclusion. For experiments where lymph node cells or splenocytes were collected, collected 
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organs were mechanically dissociated using syringe plungers and 70µm cell strainers. Cells 

were filtered again to obtain single cell suspensions and counted prior to assaying or flow 

cytometry analysis. 

 

2.6 ELISAs.  

Tumour supernatants were collected prior to enzymatic digestion following mechanical 

dilaceration in minimal volumes of R10 media (i.e., approx. 1mL supernatant per tumour). 

Samples were frozen at -20°C prior to assaying. IFNγ concentrations were determined using 

an IFNγ mouse uncoated ELISA kit (Invitrogen, Cat. 88-7314-77) following manufacturer’s 

protocols. Obtained IFNγ concentrations using the standard curve were normalized to 

tumour weights. 

 

2.7 Flow cytometry. 

Single cell suspensions from cell lines, tumours, lymph nodes, or splenocytes were plated 

into 96-well V bottom plates at concentration of 2.5x106 cell or less. Cells were washed 1X 

using PBS prior to addition of viability dyes (Biolegend, Zombie NIR, Cat. 423106, or Zombie 

UV, Cat. 423108) according to manufacturers’ instructions. Samples were incubated with 

anti-CD16/anti-CD32 blocking antibodies (Biolegend, Cat. 101302) for 20 minutes at 4°C, 

followed by fluorochrome-conjugated antibodies against extracellular markers for 30 minutes 

at 4°C. Cells were washed with FACS-EDTA buffer (2% FCS, 2.5 mM EDTA, and 0.01% 

sodium azide in PBS) and resuspended in 2% paraformaldehyde (Alfa Aesar, Cat. 

43368.9M) in PBS for a 20-minute fixation at 4°C. Cells were washed before resuspension in 

FACS-EDTA buffer and stored until analysis. For experiments where tetramers were used, 

tetramers were diluted in FACS-EDTA and incubated with samples in-between the Fc-

blocking and antibody staining steps. Tetramers were obtained from the NIH Tetramer Core 

Facility (Atlanta, GA, USA). For experiments where intracellular cytokines were detected, 

cells were fixed and permeabilized with BD Cytofix/Cytoperm (BD, Cat. 554714) following 

extracellular marker staining for 20 minutes at 4°C and washed with 1X PermWash. Cells 
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were then incubated with intracellular antibodies diluted in 1X PermWash for 30 minutes at 

4°C, and then washed with FACS-EDTA before being resuspended for analysis. For 

samples where calculation of absolute cell numbers was required, 20,000 Polybead 

polystyrene Black Dyed Microspheres (Polyscience, Cat. 24293-15) were added to the 

samples prior to analysis. Absolute counts (cells/µL) were calculated as ((Cell count ˣ 

counting beads volume) / (Counting beads ˣ Cell volume)) ˣ Counting beads concentration 

(beads/µL). All flow cytometry samples were analysed by BD Fortessa X-20, BD LSRII, or 

Cytek Aurora as indicated per experiment. Flow cytometry data was analysed using FlowJo 

V.10 (BD), or OMIQ (Dotmatics). 

 

2.8 Antibodies. 

Antibodies used for flow cytometry, confocal microscopy, or in vivo depletion are listed in the 

table below. Full antibody panels used for flow cytometry are detailed in the corresponding 

appendices for each study, at the dilutions indicated per experimental condition. 

Flow Cytometry 

Specificity Fluorochrome Clone Manufacturer Cat. No. 

B220/CD45R BV510 RA3-6B2 Biolegend 103248 

B220/CD45R BUV615 RA3-6B2 eBioscience 366-0452-82 

CD103 BV605 2E7 Biolegend 121433 

CD103 BV785 2E7 Biolegend 121439 

CD119 
(IFNGR1) 

PE REA189 
MACS Miltenyi 
Biotec 

130-104-987 

CD11b BV510 M1/70 Biolegend 101245 

CD11b APC-Fire810 M1/70 Biolegend 101288 

CD11c FITC N418 Biolegend 117305 

CD11c BV605 N418 Biolegend 117333 

CD11c PB N418 Biolegend 117321 

CD11c Spark387 N418 Biolegend 117370 

CD11c APC N418 Biolegend 117309 

CD163 PE/Cy7 S15049I Biolegend 155320 

CD19 
Alexa Fluor 
647 

6D5 Biolegend 115525 

CD19 APC/Cy7 6D5 Biolegend 115529 

CD206 BV421 C068C2 Biolegend 141717 

CD223 (LAG3) PE-Cy7 C9B7W Biolegend 125225 
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CD274 (B7-H1, 
PD-L1) 

PerCP/Cy5.5 10F.9G2 Biolegend 124334 

CD274 (B7-H1, 
PD-L1) 

BV650 10F.9G2 Biolegend 124333 

CD279 (PD-1) FITC 29F.1A12 Biolegend 135213 

CD279 (PD-1) BV605 29F.1A12 Biolegend 135219 

CD3 FITC 17A2 Biolegend 100203 

CD335 (NKp46) 
Alexa Fluor 
647 

29A1.4 Biolegend 137628 

CD366 (TIM3) APC RMT3-23 Biolegend 119706 

CD4 PerCP/Cy5.5 GK1.5 Biolegend 100433 

CD4 BUV 661 RM4-5 eBioscience 376-0042-82 

CD44 BV785 IM7 Biolegend 103059 

CD44 BUV737 IM7 eBioscience 367-0441-82 

CD45 PE-Cy7 30-F11 Biolegend 103113 

CD45 BV785 30-F11 Biolegend 103149 

CD45 BUV805 30-F11 eBioscience 368-0451-82 

CD62L BV605 MEL-14 Biolegend  

CD62L BV711 MEL-14 Biolegend 104438 

CD68 PerCP-Vio700  FA-11  
MACS Miltenyi 
Biotec 

130-102-926 

CD86 BV605 GL-1 Biolegend 105037 

CD8ɑ BV650 53-6.7 Biolegend 100742 

CD8ɑ Spark387 53-6.7 Biolegend 100798 

CX3CR1 APC-Cy7 SA011F11 Biolegend 149048 

F4/80 BV785 BM8 Biolegend 123141 

F4/80  APC BM8 Biolegend 123115 

H2-Kb AF700 AF6-88.5 Biolegend 116521 

IFNγ APC XMG1.2 Biolegend 505810 

Ly6C PE-Cy7 HK1.4 Biolegend 128018 

Ly6C APC HK1.4 Biolegend 128015 

Ly6G PB 1A8 Biolegend 127612 

MHC-Class I 
(H2-Kb) 

APC AF6-88.5 Biolegend 116517 

MHC-Class I 
(H2-Kb) 

AF700 AF6-88.5 Biolegend 116521 

MHC-Class I 
(H2-Db) 

eF450 28-14-8 Invitrogen 48-5999-80 

MHC-Class II AF700 M5/114.15.2 Biolegend 107621 

MHC-Class II BV421 M5/114.15.2 Biolegend 107631 

MHC-Class II PE-Cy5 M5/114.15.2 Biolegend 107611 

NK1.1 PE-Cy7 PK136 Biolegend 108714 

TCRβ PE H57-597 Biolegend 109207 

TNFɑ BV785 MP6-XT22 Biolegend 506341 

TREM2 PE 237920 R&D systems FAB17291P 
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Immunofluorescent Confocal Microscopy 

Specificity Fluorochrome Clone Manufacturer Cat. No. 

CD8β N/A EPR22331-

54 

Abcam ab228965 

CD8ɑ AF647 EPR21769 Abcam ab237365 

Donkey Anti-Rabbit IgG AF647 Polyclonal Biolegend Poly4064 

 

In vivo Antibodies 

Specificity Fluorochrome Clone Manufacturer Cat. No. 

NK1.1 N/A PK136 BioXCell BE0036 

Mouse IgG2a isotype N/A C1.18.4 BioXCell BE0085 

 

2.9 Ex vivo T cell stimulation. 

For experiments where CD8+ T cells were isolated from tumour single cell suspensions, 

mouse CD8 (TIL) microbeads (Miltenyi, Cat. 130-116-478) were used following 

manufacturer’s protocols. Otherwise, splenocytes from tumour-bearing mice were collected 

and co-incubated in the presence or absence of the appropriate peptides (10 ng/mL, 

ProteoGenix), or PMA (1 µg/mL) + ionomycin (5 nM), and brefeldin A (5 µg/mL, Santa Cruz, 

Cat. sc-200861) for 4-6 hours at 37°C. At the end of the incubation period, cells were stained 

for flow cytometry analysis of surface and intracellular cytokines. For experiments where OT-

I T cells were stimulated with B16F10 cell lines, CD45+ cells isolated from the tumour or ex 

vivo-isolated tumour cells, OT-I CD8+ T cells were isolated from splenocytes of OT-I mice 

using Mojosort CD8 isolation kit (Biolegend, Cat. 480035).  

 

2.10 Tissue fixation, cryosectioning, and confocal imaging 

Tumours were harvested at indicated timepoints days 10-17 post-engraftment as described 

previously. Whole intact tumours were immersed in fixative solution (1% PFA, 75 mM L-
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lysine [Sigma, Cat. L5501], 10 mM sodium m-periodate [Thermo Scientific Pierce, Cat. 

20504], diluted in 0.2M PBS adjusted to pH 7.4) for 16-20 hours at 4°C under gentle 

agitation. Fixative solution was discarded and tumours were washed using 1X PBS for 1 

hour at 4°C under gentle agitation to remove remaining PFA. Tumours were then 

resuspended in 30% sucrose (w/v, diluted in pH 7.4 PBS) for 24-36 hours at 4°C without 

agitation, until tissue was no longer floating. Tumours were cryogenically frozen in OCT 

compound (Thermo Fisher, Cat. 15212776) using methanol and dry ice bath, and stored at -

80°C until cryosectioning. Frozen tumour blocks were cryosectioned at 10 µm thickness 

using a Leica CM1900UV and mounted onto glass slides (VWR, Cat. 631-0108). 

Cryosections were stored at -80°C until staining. For staining, sections were washed with 

PBS to remove OCT compound on the slides, and blocked with solutions containing imaging 

buffer (2% FCS, 0.1% Triton X-100 (Sigma, Cat. X100), 0.01% sodium azide), FcBlock, and 

species-specific serum depending on the fluorochrome-conjugated antibodies used in each 

staining panel. Sections were blocked for a minimum of 3 hours at room temperature, before 

incubation with primary or secondary conjugated antibodies diluted in blocking solution 

overnight at 4°C. If secondary antibodies were required, sections were washed twice, 15 

minutes each, with imaging buffer before incubation with secondary antibodies for 2 hours at 

room temperature. When required, sections were incubated with DAPI for nuclear staining 

for 10 minutes at room temperature. A final wash was performed twice using imaging buffer 

before the sections were mounted using Fluoromount G (Southern Biotech, Cat. 0100-01) 

and glass coverslips were placed on top of the sections. Images were collected using Zeiss 

LSM 880 or 980 confocal microscope, and analysed using Imaris software (Bitplane, V9.9). 

 

2.11 Single-cell RNA sequencing. 

Single cell suspensions from B16F10 tumours were harvested as previous described. Cells 

from B16-mCherry-OVA WT tumours were labelled with TotalSeq(TM)-C0301 antibody 

(Biolegend, Cat. 155861), and IFNGR1KO tumours were labelled with TotalSeq(TM)-C0302 

(Biolegend, Cat. 155863). Samples were then stained for live/dead using Zombie NIR, and 
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CD45+ prior to single cell sorting using a BD FACSAria II. Approximately 10,000 cells were 

loaded onto a 10X Genomics Chromium Controller (Chip K). Gene expression, feature 

barcoding and TCR sequencing libraries were prepared using the 10x Genomics Single Cell 

5’ Reagent Kits v2 (Dual Index) following manufacturer user guide (CG000330 Rev B). The 

10 nM library was denatured and further diluted prior to loading on the NovaSeq6000 

sequencing platform (Illumina, v1.5 chemistry, 28 bp/98 bp paired end for gene expression 

and feature barcoding). 

 

2.12 Analysis of scRNAseq datasets. 

Sequence reads were mapped using CellRanger multi (version 6.0.0) and the 10x mouse 

reference transcriptome (version 2020-A). The R package Seurat v4 was used in conjunction 

with other tools for QC, demultiplexing, filtering, and annotation of the dataset. Briefly, 

singlets were extracted from the dataset, and counts were log normalized and variable 

features were scaled. Cells having fewer than 500 or greater than 6000 detected genes were 

filtered out. Cells in which 5% of the UMIs represent mitochondrial protein-coding genes or 

more than 20% of large gene contents were also filtered. Lastly, decontX was used to 

determine contamination of droplets with ambient RNA. The filtered dataset was scaled, log 

normalized and variable features were identified using the functions in Seurat. Principle 

component analysis was performed and the number of PCs used for clustering was 

determined using the ElbowPlot function. Clusters and markers for clustered was identified 

using the Louvain algorithm embedded in the FindNeighbours and FindClusters functions, at 

a resolution of 0.5. UMAP projections were computed using the first 10 principal 

components. Clusters were annotated using the FindAllMarkers function to determine 

differentially expressed genes for each cluster, then cluster identities were verified using the 

package SingleR. Heatmaps, violin plots, and UMAP projections were generated using 

Seurat. The FindMarkers function was used to find differentially expressed genes within 

each cluster between WT and IFNGR1KO conditions. Pathway analysis and plotting of 

results was performed using the tool fgsea. Volcano plots and bar plots were created using 
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ggplot2. Module scoring of different TAM subsets was done using the package UCell. 

Trajectory analysis for CD8+ T cell and macrophage clusters was completed and visualized 

using the package monocle3. Finally, analysis of cell-cell communication networks and 

plotting of results were done using the package CellChat.218 

 

2.13 Statistical analysis 

Statistics were done with GraphPrism v9 software. In general, comparisons between two 

groups was done using non-parametric Mann-Whitney t-tests. Kruskal-Wallis tests were 

used to compare three or more unmatched groups. Dunn’s test for non-parametric groups 

was used to correct for multiple comparisons, and adjusted p-values are reported. Two-way 

ANOVA was performed for multiple groups of more than two cell types, followed by Tukey’s 

test for correction of multiple comparisons. Details of statistical test performed are provided 

for each figure individually. 
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Establishing an IFNγ-resistant model of B16F10 murine melanoma 

model and immunophenotyping of the anti-tumour response 

 

3.1 Introduction 

 This chapter describes the establishment of IFNγ-resistant murine tumour models in 

vivo and phenotyping the resulting endogenous immune response. In brief, a subcutaneous 

model of B16F10 (B16) modified to express a fluorescent marker mCherry and exogenous 

antigen ovalbumin was used to study IFNγ-insensitivity in C57BL/6 (B6) mice. Wild-type and 

IFNGR1-deficient B16 mCherry-OVA (hereafter, B16-OVA) tumours were evaluated for their 

tumour growth and immunogenicity. Although IFNGR1KO tumours were expected to grow 

faster in mice compared to WT, they surprisingly remained similar in tumour volume during 

tumour progression. This effectively provided us with a model by which tumour control may 

not be solely dependent on CD8+ T cell cytotoxicity, due to the low MHC class I levels 

detected on IFNGR1KO tumours.  

 
3.1.1 Origins of the B16F10 murine melanoma and its use as an orthotopic tumour 

model 

 B16 melanoma was originally isolated as a spontaneous tumour forming on the ear 

pinnae of a B6 mouse, which was subsequently passaged in vitro. Used primarily as a model 

for metastasis during the 1970s, individual clones of B16 melanoma cells were cultured in 

vitro and intravenously administered to B6 mice.219,220 These experiments showed that not 

only can lung metastases form from individual cells, but independent clones also resulted in 

different numbers of pulmonary tumour colonies.221 B16F10 was derived from the parental 

cell line B16F1, and was the result of successive in vitro cultures of explanted pulmonary 

tumours, followed by re-injection of passaged cells intravenously into new mice.221 As such, 

B16F10 is considered a highly metastatic line due to its reliability in producing pulmonary 

tumours when administered intravenously.  
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 When implanted subcutaneously or intradermally, B16 can be considered an 

orthotopic model which forms palpable tumours approximately 5 days following injection.222 

Compared to human melanoma, however, mutations found in B16F10 do not recapitulate 

common mutations found in human melanoma such as proto-oncogenes Nras and Braf, 

which occur in 20% and 50% of cases, respectively.223 This difference is likely due to 

environmental factors initiating carcinogenesis, such as the association of UV damage in the 

occurrence of Braf mutations.224 Nevertheless, B16F10 remains an important model due to 

its B6 background and versatility of transgenic murine strains available.  

 

3.1.2 B16F10 as a model of IFNγ-dependent tumour growth  

  One characteristic of B16F10 observed early on was that variants of the cell line 

harboured differential sensitivity to killing by syngeneic T cells, which could be explained by 

either loss of tumour-specific antigens, or selective loss of MHC class I expression over time. 

B16 melanoma is widely recognized as a poorly immunogenic tumour model due to its 

comparatively low expression of MHC class I.225 However, numerous in vitro and in vivo 

studies have shown that IFNγ stimulation can restore MHC-I expression and subsequently, T 

cell-mediated immune responses.226 The MHC-I deficiency in B16 is attributed to significant 

RNA and protein downregulation of almost all members of the antigen processing family, 

including LMP2/7/10 and PA28a/28b, and peptide transporters tapasin and TAP1. The 

suppression of these transcripts was found to be caused by epigenetic repression through 

DNA methylation or histone acetylation. As such, restoration of MHC-I expression can be 

achieved by treatment with epigenetic modifiers227, or IFNγ stimulation. 

 Previous studies have shown the IFNγ derived from T cells alone is sufficient to 

induce upregulation of gamma-dependent genes by tumour cells in vivo.228 Furthermore, 

sensing of IFNγ is not restricted to cells which can be targeted by T cells. In a model where 

OVA-specific transgenic T cells, also known as OT-I, were transferred into Rag2-/- mice 

bearing mixed B16-WT and B16-OVA tumours, all tumour cells expressed the same level of 
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MHC-I and PD-L1, indicating that direct T cell engagement is not necessary and IFNγ 

diffuses widely within the tumour microenvironment.  

 Given that the B16F10 cell line is the result of multiple rounds of in vivo passaging, it 

is also useful to keep in mind that many immune escape mechanisms are already present in 

the model upon implantation into a immunocompetent host. The immune escape strategies 

found within B16 tumours are not unique to the model but shared by many others. However, 

compared to other syngeneic models across different mouse strains, B16F10 had the lowest 

immune infiltration, regardless of tumour size.225 Although partially explained by the low 

mutational burden of B16, low immune infiltration is likely driven by MHC-I downregulation, 

which in turn reduces CD8+ T cell infiltration and influx of inflammatory cytokines which are 

required for infiltration of other immune cells.225,229 It would also be useful to note that 

modification of the cell line to express ovalbumin has strong implications on cell- and 

humoral-mediated immunity, and likely mitigates some immune escape mechanisms which 

have been previously observed. 

 

3.1.3 B16F10 response to checkpoint blockade 

 Response rates of anti-PD-1/PD-L1 therapy remains highly variable in humans, 

despite pre-screening protocols which attempt to increase chances of success. Although one 

would expect that a syngeneic tumour model in a controlled genetic background would 

produce comparable results, the literature surrounding whether B16 responds to ICB, either 

as a monotherapy or in combination, remains discordant. For anti-PD1/PD-L1, an equal 

number of studies show no response to therapy229–233, as compared to partial reduction in 

tumour burden.97,234–236 Although these differences may at first be attributed to incongruent 

drug dosing or administration schedules, recent clinical data has furthermore uncovered that 

parameters from human trials such as microbiome237, diet238, and age239, are also important 

considerations for animal studies. These parameters although controlled independently, 

likely vary between different studies and institutions, therefore affecting overall outcomes. In 
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general, only combination therapies which involve vaccination, radiotherapy, or a second 

ICB agent is required for significant reduction of B16F10 tumour growth in vivo. 

 The experiments presented in this chapter sought to investigate IFNγ-dependent 

pathways of anti-tumour immunity in B16F10. We hypothesized that IFNGR1KO tumours 

would outgrow WT counterparts as ample literature suggested that B16F10 can only elicit a 

strong anti-tumour response when MHC-I is induced. These data showed instead that 

spontaneous tumour control can be achieved even when MHC-I expression was at baseline 

due to ablation of IFNγ-signalling in tumour cells. 
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3.2 Results 

3.2.1 IFNGR1 KO B16F10 melanoma exhibits comparable growth rates to WT tumours 

in vivo despite decreased expression of MHC molecules  

 In order to evaluate an IFNγ-insensitive tumour model, knockout of the IFNGR1 chain 

was undertaken using CRISPR-Cas9 methodology (Figure 9A). Complete knockout of 

IFNGR1 in B16F10 mCherry-OVA-expressing cells was validated through immunostaining of 

the cell lines for MHC class I and II 48 hours post-stimulation with recombinant murine IFNγ 

(Figure 9B). The in vivo model for subcutaneous B16F10 involves injection of WT of 

IFNGR1KO cell lines into the flanks of wild-type C57Bl/6 (B6) mice, and subsequent harvest 

of tumours 10-15 days after implantation (Figure 9C). 

 

Figure 9. Overview and characterization of a B16-OVA IFNGR1KO tumour model. (A) Workflow for 

generating the cell lines using CRISPR-Cas9 editing and selection of single cell clones. (B) Stimulation of five 

individual clones using recombinant murine IFNγ (1ng/mL) and immunostaining for MHC class I and II expression 

via flow cytometry analysis. Non-stimulated WT in grey, IFNγ-stimulated WT in red, and IFNγ-stimulated 

CRISPR-Cas9-treated clones in blue. Each histogram represents one sample or cell clone. (C) Workflow for the 

B16F10 tumour model and methods for subsequent analysis of tumour phenotype and immune infiltrates. 

Diagrams created with BioRender.com. 

 

A 

B C 
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 Figure 10. Phenotype of B16-OVA WT vs IFNGR1KO tumours measured by tumour volume, surface 

expression of IFNγ-dependent genes, and immune infiltration. (A) Tumour volumes and weights measured 

from B16-OVA WT and IFNGR1KO tumour-bearing mice on days 12-13 post-implantation. Data for B16-OVA WT 

(n=19) and IFNGR1KO (n=16) tumours were pooled from five independent experiments. (B) Surface expression 

of MHC-I, MHC-II, and PD-L1 on WT or IFNGR1KO tumour cells isolated from ex vivo dissociated tumours. 

Values shown are median fluorescence intensity. (C) Immune infiltration of WT and IFNGR1KO tumours by 

lymphoid and myeloid populations measured by flow cytometry as a percentage of live CD45+ cells. Gating 

strategy and markers used for classification summarized in Figure S1. (D) Absolute counts of immune cells per 

mg of tumour tissue. Data are pooled from three independent experiments for A and B, and two independent 

experiments for C and D. Data show mean with p-values by non-parametric Mann-Whitney t tests, *p≤0.05; 

**p≤0.01; ***p≤0.001. 
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 IFNGR1KO tumours were modestly smaller in tumour volume at time of harvest, but 

not statistically significant in tumour weight difference compared to WT ( Figure 10A). 

Immunostaining for MHC-I, MHC-II, and PD-L1 showed that KO tumours expressed 

significantly lower levels of these IFNγ-dependent markers ( Figure 10B). Antibody panels 

used for staining of tumour cells and immune cells isolated ex vivo are detailed in Table S1. 

To investigate the effects of diminished antigen presentation on the infiltration of lymphocyte 

populations such as NK cells and CD8+ T cells, infiltration of immune populations relative to 

the whole CD45+ population within the tumour, as well as cell density, were analysed. 

Relative frequencies of infiltrating lymphoid populations were similar between WT and 

IFNGR1KO, except for a modest decrease in CD4+ T cells and increase in OVA-specific 

(i.e., tetramer positive) T cells ( Figure 10C). Furthermore, a significant increase in 

monocyte-derived DCs, defined as MHC-II+ CD11b+ Ly6C+ CD11c+, was observed in KO 

tumours compared to WT. Total cell counts normalized by tumour weight were similar 

between WT and IFNGR1KO tumours, indicating that loss of IFNγ signalling by tumour cells 

did not significantly impact overall immune infiltration in this model ( Figure 10D). 

 

3.2.2 Intratumoural production of IFNγ by CD8+ T cells and NK cells leads to 

accumulation of IFNγ in IFNGR1 KO tumours 

 Using a murine fluorescent reporter strain where production of the expression of 

enhanced yellow fluorescent protein (EYFP) was driven by the IFNγ promoter, production of 

IFNγ was tracked across different immune populations within the tumour microenvironment 

over time. During early timepoints following tumour implantation (days 7-8), EYFP-positive 

cells were comprised equally of NK cells and CD8+ T cells. Over time, the proportion of 

IFNγ-EYFP+ cells which were CD8+ T cells increased, while NK cells decreased (Figure 

11A). Using mean fluorescence intensity as a surrogate measure of the level of IFNγ being 

produced per cell, MFI was two-to-five-fold higher in CD8+ T cells compared to NK cells on 

days 7-10 post-tumour implantation (Figure 11B). Although T cells from WT tumours 

appeared to produce more IFNγ when using EYFP MFI as a measure, ELISAs performed on 
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tumour supernatants showed high levels of IFNγ present in IFNGR1KO compared to WT 

(Figure 11C). 

Figure 11. IFNγ production by tumour-infiltrating CD8+ T cells and NK cells measured using a EYFP 

reporter mouse. (A) Proportion of EYFP+ immune cells which are identified as CD8+ T cells (TCRß+/CD8+) or NK 

cells (TCRß-/NK1.1+) measured at indicated time points following tumour implantation. (B) Comparison of EYFP 

mean fluorescence intensity between CD8+ T cells and NK cells from B16-OVA WT and IFNGR1KO tumours. (C) 

Intratumoural concentration of IFNγ from tumour supernatants following mechanical dissociation of tumours 

collected on days 9-12 post-implantation, measured via ELISA. Data are pooled from three independent 

experiments, and show mean with p-values by non-parametric Mann-Whitney t tests, *p≤0.05; **p≤0.01; 

***p≤0.001. 
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3.2.3 Characterising the CD8+ T cell response in B16-OVA  

 To investigate whether CD8+ T cells from IFNGR1KO tumours were functionally 

different than WT, tumour-infiltrating CD8+ T cells were isolated from WT or KO tumours and 

re-stimulated using H-2Kb-restricted OVA peptide (Figure 12A). During T cell stimulation, 

the TCR is downmodulated for signal transduction, and to limit T cell overstimulation.240 As 

expected, surface TCR expression by CD8+ T cells in the tumour-draining lymph nodes 

(tdLNs) was similar regardless of the type of tumour implanted. Infiltrating CD8+ T cells from 

IFNGR1KO tumours had modestly higher TCR expression compared to WT (Figure 12B). 

However, tetramer binding for OVA-specific T cells from IFNGR1 tumours was significantly 

higher compared to WT (Figure 12C). In this scenario, higher tetramer MFI could be 

indicative of higher T cell affinity, or less TCR downregulation due to reduced stimulation. 

Using intracellular cytokine staining to measure T cell activation, higher affinity T cells would 

activate and respond to lower affinity peptides with greater sensitivity than lower affinity 

counterparts. At present, we observed no difference in the proportion of CD8+ TILs that 

responded to PMA/ionomycin or OVA peptide stimulation, measured as IFNγ (Figure 12D) 

or TNFɑ (Figure 12E) production. However, our assay would benefit from dose-dependent 

titration of the stimuli to better understand whether EC50 (i.e., the peptide concentration 

which results in half maximum responding T cells) differs between WT and KO tumours. T 

cells were also unresponsive to stimulation with cultured, IFNγ-stimulated B16F10 cells 

above baseline (data not shown). As these assays were preliminary in evaluating 

endogenous CD8+ T cell function, further experiments will be required to ascertain 

differences in cytotoxicity such as granule release, etc.   
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Figure 12. Isolation and ex vivo re-stimulation of CD8+ T cell from B16-OVA WT and IFNGR1KO tumours. 

(A) Workflow for isolation and re-stimulation of CD8+ T cells from tumours collected on days 10-12 post-

implantation. Surface expression of TCRß (B) or OVA-specific TCR via tetramer staining (C) was normalized to 

the mean fluorescence intensity of the TCRß- or tetramer-negative population within each sample, respectively. 

Samples were gated on live CD8+ T cells from the lymph node or tumour-infiltrating cells. Data are pooled from 

two or three experiments for lymph nodes and tumour, respectively. (D) Intracellular cytokine staining of IFNγ 

production by intratumoural CD8+ T cells following stimulation via PMA (1µg/mL) + ionomycin (5nM) or SIINFEKL 

peptide stimulation (1µg/mL). Data is from one experiment. (E) TNFɑ production by intratumoural CD8+ T cells 

following stimulation via PMA+ionomycin, or OVA peptide variants. Data is from one experiment. All data show 

mean with p-values by non-parametric Mann-Whitney t tests in B, and two-way ANOVA in C and D, ****p≤0.0001. 

  While CD8+ T cells from KO tumours appear to have similar fitness than T cells from 

WT, we next assessed whether WT and KO tumours would display a difference in the 

capacity to prime those cells. Our above assessment of surface levels of IFNγ-inducible 
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immunogenicity of in vivo vs. in vitro B16 tumours was investigated using OT-I activation as 

a surrogate for antigen presentation (Figure 13A). Maximal IFNγ-inducible levels of MHC-I 

and PD-L1 was measured following in vitro stimulation of the cell lines, and compared with 

expression on isolated tumour cells ex vivo (Figure 13B). When co-incubated with naïve 

OT-I T cells, the B16F10 WT cell line was highest in activation potential whereas the 

IFNGR1KO counterpart did not elicit any response above baseline (Figure 13C). Ex vivo 

isolated WT tumour cells were two-fold less stimulatory compared to the cell lines despite 

significant MHC-I expression, suggesting that inhibitory mechanisms such as PD-L1 

expression may be limiting activation of OT-I in vitro. Interestingly, CD45+ immune cells 

isolated from WT and IFNGR1KO tumours showed a significant difference in their ability to 

activate OT-I T cells, indicating a possible discrepancy in antigen presentation, or 

suppression of activation by immune counterparts of each tumour microenvironment. 

Figure 13. Stimulation of OT-I T cells using ex vivo tumour single cell suspensions. (A) Workflow for 

isolation of tumour and CD45+ populations from B16-OVA WT and IFNGR1 day 10 tumours and stimulation of 

OT-I T cells in vitro. (B) Comparison of MHC-I and PD-L1 levels on IFNγ-stimulated B16-OVA cell lines, and 

single-cell suspensions of B16-OVA tumour cells isolated ex vivo. (C) Upregulation of CD69 by naïve OT-I CD8+ 
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T cells following 4-hour co-incubation with in vitro IFNγ-stimulated cell lines or ex vivo-isolated CD45+ immune 

cells, or CD45- tumour cells from WT or IFNGR1KO tumours. Data is from one experiment and show mean with 

p-values by non-parametric Mann-Whitney t tests in B, and two-way ANOVA in C, *p≤0.05, ***p≤0.001, 

****p≤0.0001. 

 

3.2.4 Control of B16 IFNGR1KO tumours is not dependent on ovalbumin expression 

Ovalbumin, although a useful tool for tracking in vivo cellular and humoral responses, 

represents a wholly foreign antigen which can increase overall tumour immunogenicity. To 

ensure that the observed phenotype whereby B16-OVA IFNGR1KO tumours do not grow 

faster than WT, similar experiments using the parental B16F10 cell line were completed. 

IFNGR1 was deleted from parental B16F10 cells using the same method as described in 

Figure 9A. Compared to WT, parental B16 IFNGR1KO tumour were similar in volume 

(Figure 14A), and displayed similar phenotype to previously experiments where tumours 

failed to upregulate MHC-I/II and PD-L1 (Figure 14B). IFNGR1 levels were higher in WT 

compared to B16 IFNGR1KO to further verify tumour phenotype. Due to the low number of 

replicates, the difference in relative infiltration of CD45+ cells could not be accurately 

determined. However, the present data recapitulates the cell frequencies previously 

observed in the B16-OVA model (Figure 14C). As a result, it did not appear that the use of 

OVA as an exogenous antigen significantly impacted the immune phenotype observed in the 

models under investigation. 

A B 
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Figure 14. Implantation of parental B16F10 WT or IFNGR1KO tumours in B6 WT mice. (A) Tumour volumes 

of B16 WT or IFNGR1KO measured at endpoint, day 10 post-implantation. Data are from two independent 

experiments. (B) Surface expression of MHC-I, MHC-II, PD-L1 and IFNGR1 on B16 WT or IFNGR1KO tumour 

cells measured as geometric mean fluorescence intensity by flow cytometry. (C) Relative infiltration of lymphoid 

and myeloid immune populations in B16 WT or IFNGR1KO tumours, as measured by flow cytometry. Data in B & 

C are from one experiment, representative of two independent experiments. Data show mean ± SD and with p-

values by non-parametric Mann-Whitney t tests, *p≤0.05. 

 

3.2.5 Anti-PD-L1 does not affect B16-OVA WT or IFNGR1 tumour growth or immune 

infiltration 

 Given reports in literature which have shown either no response or partial response 

of B16 to anti-PD-1 or PD-L1 treatment, a similar experiment was performed to determine 

whether it would have an effect on our WT or IFNGR1KO tumours. Mice were dosed with 

anti-mouse PD-L1 monoclonal antibodies 5 days following tumour implantation, and every 3 

days thereafter (Figure 15A). The experiment ended when no difference in tumour volume 

was detected day 15 post-implantation (Figure 15B). Similar to the lack of distinct effect of 

anti-PD-L1 on tumour growth rates, the composition of immune infiltration cells also 

remained unchanged (Figure 15C). Due to the variability in the tumour volumes in this 

study, this experiment would benefit from being repeated with changes in the antibody 

dosing schedule as other studies have shown that earlier or later dosing may have a 

significant impact on B16 tumour growth.241 
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Figure 15. Administration of anti-PD-L1 monoclonal antibody therapy in B16 OVA tumour-bearing mice. 

(A) Dosing schedule of anti-PD-L1 monoclonal antibody or isotype control following B16 OVA WT of IFNGR1 

tumour induction. (B) Tumour volumes of treated and non-treated tumours on day 15 post-tumour implantation. 

(C) Relative frequencies of tumour-infiltrating immune populations determined by flow cytometry. Samples were 

gated on live CD45+ cells. Data is from one experiment and show mean with statistical testing performed by non-

parametric Mann-Whitney t tests. 

 

3.2.6 Investigating the effects of increased intratumoural IFNγ on cross-presentation 

of tumour-specific antigens 

 The B16F10 OVA model showed that relative infiltration of OVA-specific T cells was 

higher in IFNGR1KO tumours compared to WT, which was contrary to expectations due to 

the significant lack of MHC-I upregulation. To investigate whether this increase was due to 

direct antigen presentation at the tumour site, or enhanced cross-presentation by APCs 

distally within tdLNs, a cross-presentation model was adopted to delineate the two 

independent processes. It was hypothesized that enhancement of intratumoural IFNγ levels 

in IFNGR1KO tumour would also promote greater antigen cross-presentation distally, 

resulting in more tumour-specific T cells.  
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 C57Bl/6 male mice were crossed with Balb/c female mice, resulting in a hybrid 

CB6F1 (F1) generation which expresses both H2-b and H2-d MHC haplotypes (Figure 16A). 

All APCs, including DCs, from F1 mice would express both H2-b and H2-d for priming of 

independent H2-b- or d-specific T cells in vivo (Figure 16B). B16F10 was engineered to 

express NY-ESO1, which has a well-characterized H2-Dd epitope.242 As B16 only expresses 

H2-b, direct presentation of NY-ESO1 by tumour cells to H2-d-specific T cells would not be 

possible. Therefore, the resulting H2-Dd NY-ESO1-specific T cells are present only as a 

result of cross-presentation. Similarly, H2-d-restricted CT26 colon adenocarcinoma 

engineered to express OVA would only give rise to H2-Kb OVA-specific T cells through 

cross-presentation in vivo. Detection of cross-primed T cells from the tumour, lymph nodes, 

or spleen were detected via tetramer staining ex vivo, or restimulation using the cognate 

peptide and intracellular staining for cytokine production.   

Figure 16. Schemata of the CB6F1 H2-b/d hybrid murine tumour model using B16F10 NY-ESO1 and CT26 

OVA. (A) Crossing of male C57Bl/6 mice with female Balb/c mice to produce hybrid CB6F1 mice which express 

both H2-b and H2-d alleles on all somatic cells. Subsequent implantation of H2-b-positive B16F10 cells allows for 

direct presentation of NY-ESO1 epitopes only via H2-b molecules. Lymph node priming of both H2-d- or H2-b-NY-

ESO1-specific T cells would result in only one population which can be directly stimulated by the B16 tumour. (B) 

Proposed tumour models of H2-b-positive B16F10 or H2-d-positive CT26 cell lines in CB6F1 mice. Detection of 

cross-primed T cells is performed using NY-ESO1 or OVA tetramers, or re-stimulation of CD8+ T cells ex vivo 

with the appropriate peptides. 
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 Initial experiments sought to test whether tetramer binding or restimulation using 

peptide was sufficient in detection of NY-ESO1-specific T cells in a model of CT26 NY-ESO1 

implanted into Balb/c mice (Figure 17A). However, CT26 NY-ESO1 proved to be highly 

immunogenic and was spontaneously rejected in all animals. Peptide stimulation of 

dissociated lymph nodes and splenocytes showed that indeed IFNγ-positive tumour-specific 

T cells could be detected (Figure 17B). However, tetramer-binding of T cells could not be 

detected, possibly because peptide-MHC and TCR interactions are much more dependent 

on TCR avidity, and limited by optimal staining conditions.  

 In the following experiment, F1 mice were implanted with B16 NY-ESO1 WT or 

IFNGR1KO tumours (Figure 17C). No differences in tumour volume at day 10 post-

implantation was observed between WT and IFNGR1KO (Figure 17D). Furthermore, 

splenocytes from tumour-bearing mice restimulated with NY-ESO181-88 peptide did not elicit 

a cytokine response (Figure 17E). Similarly, no tetramer binding for H2-Dd NY-ESO181-88 

could be observed for tumour-infiltrating lymphocytes, splenocytes, or T cells from tdLNs 

(data not shown). Despite testing different staining conditions, varying time, temperature and 

whether anti-CD8ɑ antibodies were blocking the pMHC-TCR interaction, H2-Dd-NY-ESO-1-

specific T cells could not be detected. In conclusion, tools for detecting cross-presentation 

were insufficient in the B16 NY-ESO1 model, and tetramer-specific cross-primed T cells 

could not be found.  

 Due to the robustness of the H2-Kb OVA tetramer in detecting OVA-specific T cells, 

the CT26 OVA cross-presentation model was tested in lieu of B16 NY-ESO1. CT26 is not 

considered an IFNγ-sensitive model due to its high basal level of MHC-I expression. 

However, it remained mechanistically possible that IFNγ consumption by the tumour would 

result in intratumoural IFNγ accumulation during tumour development, thereby enhancing 

antigen cross-presentation through our original hypothesis. 

 F1 mice were implanted with CT26 OVA WT or IFNGR1. At a cell dose of 6x105, 

IFNGR1KO tumours began to regress in tumour volume by day 11, and were rejected by 

day 18 post-implantation in all mice (Figure 17F). In comparison, 5 out of 6 WT tumours 
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were still present at day 18. At the higher cell dose of 1x106
 cells, WT and IFNGR1KO 

tumours grew at similar rates, and cross-presentation of OVA was analysed at day 13. No 

difference in tumour volume was observed (Figure 17G), and surface staining of tumour cell 

following ex vivo dissociation revealed similar levels of MHC-I, MHC-II, and PD-L1 

expression (Figure 17H). Although CT26 were unable to present the H2-Kb OVA peptide, 

H2-Kb-OVA-specific T cells were still found in significant numbers within the tumour. 

However, no difference in frequency of H2-Kb-OVA-primed T cells were found in the tdLNs 

or at the tumour site (Figure 17I). Lastly, we checked whether tumour antigens could be 

found in the tdLNs of WT or IFNGR1 tumour-bearing mice. Using B16 expressing a pH-

resistant variant of GFP, ZsGreen was found in roughly equal proportions of tdLN immune 

cells, indicating that antigens from both tumours are being trafficked (Figure S2). 
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Figure 17. Evaluation of an in vivo tumour cross-presentation model using hybrid CB6F1 mice. (A) 

Workflow for testing of NY-ESO1 expression by the CT26 syngeneic tumour model via implantation of 1x106 cells 

per mouse. (B) Re-stimulation of cells isolated from lymph nodes and spleen of tumour-bearing mice with NY-

ESO181-88 peptide at indicated concentrations for 6 hours, and analysis of IFNγ response via intracelullar cytokine 

staining. (C) Workflow for implantation of 2.5x105 B16 NY-ESO1 WT of IFNGR1KO cells in CB6F1 mice and 

harvest of tissues for analysis at endpoint. (D) Tumour volumes of B16 NY-ESO1 tumours at endpoint. Data are 

pooled from three independent experiments. (E) Intracellular cytokine staining of splenocytes from B16 NY-ESO1 

tumour-bearing mice stimulated with PMA + ionomycin or NY-ESO181-88 peptide for 6 hours. Data is from one 

experiment. (F) Tumour growth curves for CT26 OVA WT or IFNGR1KO implanted into CB6F1 mice at two 

indicated cell doses. (G) Tumour volumes for CT26 OVA tumours at day 13 post-implantation. (H) Analysis of 

MHC-I, MHC-II, PD-L1 and IFNGR1 expression on CT26 OVA tumour cells indicated by geometric mean 

fluorescence intensity by flow cytometry. (I) Detection of OVA-specific T cells from CT26 OVA tumour-bearing 

mice from the tumour-draining lymph nodes or intratumoural CD8+ T cells via ex vivo tetramer staining. Data from 

F-I are from one experiment. All data show mean with p-values by non-parametric Mann-Whitney t tests, *p≤0.05. 
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3.3 Discussion and conclusion 

3.3.1 Confounding effects of IFNGR ablation in murine models compared to clinical 

observations 

 This chapter presented a model of B16F10 melanoma whereby IFNγ signalling was 

abolished through deletion of IFNGR1 from the cell line. Previous publications which have 

undertaken similar methodologies have resulted in varying conclusions. In one publication, 

IFNGR2 was ablated in B16 engineered to express model antigen SIY, and demonstrated 

that IFNGR2KO resulted in complete tumour regression following formation of palpable 

tumours.243 Our IFNGR1 model does not result in significant outgrowth, nor regression, 

compared to WT controls, which is intriguing when comparing the relative differences in 

expression of MHC and PD-L1 which should impact tumour immunogenicity. Furthermore, 

the IFNGR2 model was sensitive to anti-PD-L1 ICB, as treatment of IFNGR2:WT admixed 

tumours with anti-PD-L1 resulted in significant tumour rejection compared to controls.  

 Other papers describing a similar phenomenon have highlighted the possibility that 

IFNγ-dependent, PD-L1-independent pathways are instead driving ICB resistance. Benci et 

al. showed that tumour cells which are resistant to ICB develop resistance through chronic 

IFNγ stimulation, which upregulate additional non-PD-L1 immune-inhibitory genes.241 In their 

murine model, which was derived from a radiotherapy/anti-CTLA4 resistant B16F10 variant, 

IFNGR1KO tumours responded better to anti-CTLA4/anti-PD-1 mono- and combination 

therapy. This supports their hypothesis that IFNγ-signalling in tumour cells ultimately 

contribute to immune escape. Intriguingly, these studies would indicate that checkpoint 

blockade should be administered alongside anti-IFNγ in order to mitigate the inhibitory 

effects of IFNγ-signalling which would otherwise dampen ICB mode of action. It remains to 

be seen whether clinical trials combining ICB and IFNγ administration would have a 

beneficial effect given the findings from these large-scale animal studies. 

 Results from these previous studies are especially difficult to understand as human 

melanomas demonstrate loss of IFNγ sensitivity as an immune escape mechanism to anti-
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PD-L1 therapy, rather than enhancement of responses currently observed in murine models. 

Some murine models using IFNGR1 knockdown showed that loss of IFNγ-signalling in 

tumour cells reduces anti-CTLA4 efficacy.105 Similarly, human clinical studies have shown 

acquired resistance to ICB manifest as JAK1/JAK2 loss of function mutations which 

rendered the tumours insensitive to IFN-dependent pathways.105,201,202 Furthermore, clinical 

evidence appears to support that transcriptomic signatures of IFNγ-signalling are positively 

correlated with ICB response.128,183 Despite the amount of research dedicated to 

understanding the role IFNγ plays in anti-tumour (or equally pro-tumour) immunity, it has 

been difficult to ascertain the true effects of IFNγ-signalling and its role in inhibiting or 

enhancing disease progression. As multiple murine studies imply that presence of IFNγ-

insensitive mutants makes WT cells more susceptible to monotherapies, it would seem that 

further scrutiny of the models would be important in determining their clinical relevance. 

 

3.3.2 Choice of model for ablation of IFNγ signalling and sequestration of IFNγ as an 

immune escape mechanism 

 The predicted phenotypic difference that would result in ablating IFNGR1 versus 

IFNGR2 comes from integration of previous biochemical and biological knowledge. Early 

structural studies showed that IFNγ homodimers can bind IFNGR1 dimers in solution with 

high affinity in the absence of IFNGR2.244 At the cell surface, IFNγ uptake is strongly 

mediated by IFNGR1, whereas uptake was only slightly decreased when IFNGR2 was 

deleted.245 In some cell types, IFNγ degradation only occurs following internalization 246; 

however, whether this process occurs in tumour cells and in the absence of IFNGR2 is 

unknown. Taken together, we surmised that IFNGR2 deletion would significantly affect 

downstream IFNγ signalling, but perhaps transient IFNγ uptake and recycling may remain 

intact due to constitutive IFNGR1 expression. This in turn affects the concentration of 

unbound IFNγ present in the tumour microenvironment which may stimulate other cells 

present. For example, previous studies have shown that IFNγ acting on endothelial cells to 

induce vasculature regression was sufficient in restricting tumour growth.144 Whether these 
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mechanisms can explain the differences observed between IFNGR1 and IFNGR2KO in this 

present model remains to be tested. 

 One unique observation of our IFNGR1-deficient model is the detection of increased 

intratumoural IFNγ in B16 IFNGR1KO tumours compared to WT. However, it remains 

unclear whether this is due to higher immune activation status resulting in more IFNγ, or 

decreased IFNγ consumption by IFNGR1KO tumour cells present. These preliminary data 

allowed us to hypothesize a novel mechanism by which tumour cells may be ‘absorbing’ or 

sequestering IFNγ in the tumour microenvironment, thereby restricting available IFNγ 

necessary for anti-tumour immune function. To test this theory, a signalling mutant of murine 

IFNGR1 has been generated, whereby tyrosine 445 was changed to an alanine residue to 

ablate binding of STAT1. The mutant Y445A IFNGR1 will be re-introduced into IFNGR1KO 

B16 cells. While the Y445A mutant can bind and sequester IFNγ from the microenvironment, 

downstream signalling is inhibited and neither MHC-I nor PD-L1 will be upregulated. B16 

WT, IFNGR1KO and IFNGR1Y445A will be incubated with rmIFNγ in vitro and unconsumed 

IFNγ can be quantified by ELISA. If a detectable difference is observed in vitro, then this 

would warrant testing of the cell lines in vivo. Compared to WT tumours, we would expect 

that absorption of IFNγ, which does not result in upregulation of MHC class I on the Y445A 

mutant, would be detrimental to tumour control over time. This mechanism would provide 

greater insight into how IFNγ is utilized by tumour cells, and whether IFNγ consumption by 

the tumour cells inhibits anti-tumour immunity. 

 Compared to similar models in literature, loss of IFNγ-signalling in B16F10 in our 

experiments did not result in overt tumour growth compared to WT, and also did not 

enhance anti-PD-L1 therapy as observed by others. While other papers have focused on the 

unexpected effects of IFNγ-resistance in enhancing ICB, our current data indicates that 

certain immune mechanisms may have been overlooked, such as the accumulation of IFNγ 

which may alter the tumour microenvironment significantly. As CD8+ T cell immunity itself 

was not specifically enhanced in KO vs. WT, chapter 4 and 5 employ several unbiased 
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approaches using high dimensional flow cytometry and scRNAseq to focus on other immune 

cell types which may be modulating the tumour microenvironment. 
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3.4 Appendix 

Table S1. Antibody panels for tumour cell surface staining or immune infiltration analysis by flow 
cytometry. 

Tumour cell staining panel: 

Fluorochrome Marker 

 

Clone 

 

Manufacturer 

 

Cat. No. 

Dilution 

(1:X) 

BV421 MHC-Class II M5/114.15.2 Biolegend 107631 400 

BV785 CD45 30-F11 Biolegend 103149 400 

PerCP-Cy5.5 PD-L1 10F.9G2 Biolegend 124334 400 

PE CD119 REA189 MACS Miltenyi Biotec 130-104-987 20 

APC MHC-Class I (H2-Kb) AF6-88.5 Biolegend 116517 200 

NIR Zombie NIR -- Biolegend 423106 500 

 

Lymphocyte staining panel: 

Fluorochrome Marker 

 

Clone 

 

Manufacturer 

 

Cat. No. 

Dilution 

(1:X) 

BV421 OVA-Tetramer -- NIH -- 500 

BV510 B220 (CD45R) RA3-6B2 Biolegend 103248 100 

BV605 CD62L MEL-14 Biolegend 104437 200 

BV650 CD8ɑ 53-6.7 Biolegend 100742 200 

BV785 CD44 IM7 Biolegend 103059 400 

FITC PD-1 29F.1A12 Biolegend 135213 200 

PerCP-Cy5.5 CD4 GK1.5 Biolegend 124334 400 

PE TCRβ H57.597 Biolegend 109207 400 

PE-Cy7 CD45 30-F11 Biolegend 103113 400 

AF647 NKp46 29A1.4 Biolegend 137628 100 

NIR Zombie NIR -- Biolegend 423106 500 

 

Myeloid staining panel: 

Fluorochrome Marker 

 

Clone 

 

Manufacturer 

 

Cat. No. 

Dilution 

(1:X) 

PB Ly6G 1A8 Biolegend 127612 400 

BV510 CD11b M1/70 Biolegend 101245 200 

BV650 CD8ɑ 53-6.7 Biolegend 100742 200 

BV785 CD103 2E7 Biolegend 121439 200 

FITC CD11c N418 Biolegend 117309 200 

PerCP-Cy5.5 PD-L1 10F.9G2 Biolegend 124334 400 

PE CD45.2 30-F11 Biolegend 109807 400 

PE-Cy7 Ly6C N418 Biolegend 117305 400 

APC F4/80 BM8 Biolegend 123115 100 

AF700 MHC-Class II M5/114.15.2 Biolegend 107621 200 

NIR Zombie NIR -- Biolegend 423106 500 
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Figure S1. Gating strategy for myeloid populations from B16-OVA tumours. 

 

Figure S2. Detection of ZsGreen-positive cells in tumour-draining lymph nodes of WT and IFNGR1KO 
tumour-bearing mice. Tumour-draining axillary lymph nodes were harvested from mice implanted with 5x105 

B16-ZsGreen-minOVA cells (described in 4.2.1) at day 7 post-implantation and cells were analysed by flow 

cytometry. Cells were plotted as live, ZsGreen+ of total population.  
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Admixture of IFNGR1KO and WT cells potentiates intratumoural 

competition which allows for immune escape 

4.1 Introduction 

This chapter introduces a model where B16-OVA WT and IFNGR1KO cells are 

implanted simultaneously in equal proportions. From the previous chapter where WT and KO 

tumours grew at equivalent rates, we predicted that the admixed tumours starting at a 1:1 

ratio of WT:KO would maintain the same ratio over the course of tumour progression. 

Instead, a phenotype emerged where admixed tumours became increasingly KO-dominant 

over time, suggesting that presence of both cells would result in clearance of the one over 

the other. Interestingly, this model recapitulates the clinically relevant observation that cells 

with an advantageous mutation will eventually out-survive others in the immediate 

environment. The model was further tested in CD8KO and IFNγKO mice to elucidate 

whether CD8+ T cells, or IFNγ, is involved in the outgrowth of KO cells.  

 

4.1.1 Contributions of cell-cell competition to immune escape 

 In the admixed model, we sought to study the mechanisms of cell-cell competition 

which can result in the outgrowth of one cellular species to another. Cell-cell competition is 

described as a general biological mechanism where ‘survival of the fittest’ results in 

elimination of less fit or suboptimal cells within a population over time.247 In the context of 

cancer, cancer cells that are more fit may arise due to acquisition of mutations following 

immune pressure, which promotes tumour growth and immune escape. Cell-cell competition 

manifests in several different ways, many of which involve proliferation or apoptosis. An 

example of how IFNγ potentiates cellular competition is through Myc, a proto-ongogene 

which has been shown to be a major driver of most human tumours.248,249 The growth 

inhibitory effects of IFNγ are partially explained by its suppression of c-myc mRNA levels, 

which in turn reduces cell proliferation.250 As a result, Myc overexpression would allow for 

enhanced competition, and override the direct effects of IFNγ in some tumour cells. Apart 
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from cell-cell competition which exists between adjacent tumour cells, tumour cells have also 

been observed to induce apoptosis of stromal cells or neighbouring peritumour tissues, 

which then allows tumour cells to continuing growing and invading surrounding healthy 

tissues.251  

The admixed model presented in this chapter introduces an element of cell-cell 

competition which is not present when tumours are in separate environments. IFNGR1KO 

cells are likely more ‘fit’ than wild-type cells when given the same microenvironment due to 

its resistance against IFNγ. With the knowledge that human tumours often contain a similar 

type of heterogeneity and clonal competition between tumour cells, this admixed model 

becomes an interesting microcosm which we can manipulate and subsequently investigate 

the resulting phenotype. In this chapter, we refer to immune escape as resistance of one cell 

type towards immune-dependent killing despite successful clearance of the other, rather 

than escape of the entire tumour due to lack of host response. 

 

4.1.2 Immunological consequences of CD8 and IFNγ ablation in tumourigenesis 

 Given the importance of CD8+ T cells in IFNγ production, and the role of IFNγ itself in 

mediating anti-tumour immunity, we sought to test our tumour models in CD8KO and 

IFNγKO mice which would serve as controls lacking tumour control. Here, we review the 

anticipated effects of ablating CD8ɑ+ cells or IFNγ on tumourigenesis. 

 In the CD8ɑ-/- mouse strain, CD8+ T cells are not present in the periphery, but CD4+ T 

cell development and function are unaltered.252 However, MHC-I-mediated immune 

responses were still observed by CD4+ TCRɑβ+ T cells, and mice lacking CD8 T cells were 

able to reject MHC-mismatched skin grafts at the same frequency as WT mice.253 CD8KO 

mice infected with mouse polyoma virus were able to generate virus-specific MHC-I-

restricted T cells, albeit at a 10-fold lower frequency compared to WT mice.254 Most of these 

responses show that double-negative (CD4-/CD8-) T cells are capable of becoming MHC-I-

restricted cytotoxic lymphocytes which share some of the functions of conventional CD8+ T 

cells. Of note, the absence of CD8+ T cells leads to priming of Th2-biased CD4+ T cells by 
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DCs, which produce high levels of IL-4, IL-5, IL-10 and TGFβ upon antigen recognition.255 

Tumour implantation into CD8KO mice may result in an overtly immunosuppressive TME, 

driven by the lack of IFNγ-dependent suppression of Th2 pathways. In the context of tumour 

immunology, the success of checkpoint blockade is heavily dependent on the presence and 

infiltration of CD8+ T cells.256–258 However, other methods of augmenting the anti-tumour 

response such as DC vaccines have shown that CD8+ T cells are not required for efficacy259, 

demonstrating that multiple cell types are capable of exerting anti-tumour functions.260 

 In IFNγKO mice, it has been shown previously that there was no difference in the 

frequency of antigen-specific CD8+ T cells generated between WT and IFNγKO mice during 

acute infection by Listeria monocytogenes.261 IFNγ produced by CD8+ T cells is required for 

their expansion, memory formation, and motility, which are all markedly impaired in IFNγKO 

mice, as demonstrated by different models of acute infection.262–264 CD4+ T cells were found 

to be inherently Th2 skewed despite antigens which would normally lead to Th1 

differentiation, such as in bacterial or parasite infection.265,266 In the context of cancer, 

several different pathways including antigen presentation by tumour cells, and Fas/FasL-

dependent apoptosis are greatly affected in IFNγKO mice. For B16F10 specifically, cells 

which co-expressed Fas/FasL following in vitro IFNγ stimulation became irreversible 

apoptotic, which is a mechanism of cell death that is immune-independent.267 This type of 

tumour cell death is likely diminished in IFNγKO mice. This is a brief and non-exhaustive 

overview of the major immunological phenotypes observed in these two mouse models, and 

provides a basis in understanding how the anti-tumour responses against B16F10 WT or 

IFNGR1KO may be altered in our studies. Although the two models are not interchangeable, 

a comparison of the resulting tumour phenotypes and immune infiltrates will be used to 

dissect the roles of each independently of one another. 

Previously, we observed that loss of IFNγ-signalling by tumour cells did not confer a 

growth advantage in the presence of selective pressure. In this chapter, we hypothesized 

that insensitivity to IFNγ confers a growth advantage only when cell-cell competition is 
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present, thereby restoring immune escape under selective pressure by an active anti-tumour 

response. 
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4.2 Results  

4.2.1 Implantation of B16 WT and IFNGR1KO admixed tumours results in outgrowth of 

KO cells over time 

 In order to create an admixed model of WT and IFNGR1KO tumours where tumour 

cells could be later identified ex vivo, B16F10 WT or IFNGR1KO were lentivirally transduced 

to express mCherry-minOVA or ZsGreen-minOVA (hereafter referred to as B16-OVA 

mCherry or ZsGreen; the structure of the ZsGreen- and mCherry-minOVA transgene is 

detailed in Figure S3). For in vivo experiments, WT and IFNGR1KO expressing ZsGreen 

and mCherry, or vice versa, were mixed 1:1 and implanted subcutaneously similar to 

previous experiments. Tumour were harvested at indicated time points (Figure 18A), and 

analysed by flow cytometry or confocal microscopy. As previously observed, WT and KO 

were similar in tumour volume at experimental endpoint (Figure 18B). A majority of admixed 

tumours were the same size as unmixed controls; however, a small number of tumours grew 

to over twice the average volume. Differences in tumour growth rates between the three 

models were not abundantly clear (Figure 18C). Approximately 1 in 10 tumours from all 

groups grew rapidly and reached humane endpoints by day 9 to 11 post tumour-

implantation. A majority of all tumours hit a stationary phase of growth between days 7-14 

before growing exponentially in volume.  

Interestingly, the composition of the admixed tumours changed over time compared 

to single-mixture controls, where the proportion of KO tumour cells eventually overtook WT 

in each tumour (Figure 18D). To ensure that the effect was intrinsic to the IFNGR1KO rather 

than the fluorescent proteins, the same effect was observed in the opposite admixture (i.e., 

mCherry-WT, ZsGreen-KO). The effect was increasingly pronounced in tumours analysed at 

late time points, such as 14 days post-implantation. 
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Figure 18. Overview of the B16F10 WT and IFNGR1 admixture model with tumour growth curves and 

change in composition over time. (A) Workflow for implantation of B16-OVA WT and IFNGR1KO admixed 

tumours in vivo and timeline for collection of tissues for flow cytometry or confocal microscopy analysis. (B) 

Tumour volumes of WT (n=11), IFNGR1KO (n=10) or admixed tumours (n=37) taken at endpoint on days 12-14 

post-implantation from three independent experiments for WT:WT and KO:KO, and six independent experiments 

for admixed tumours. Admixed tumours include both ZsGreen-WT:mCherry-KO, and mCherry-WT:ZsGreen-KO 

combinations. (C) Growth curves of individual tumours from each of the three models plotted as tumour volume in 

mm3 over time following implantation. (D) Tumour composition gated on the live CD45- population of ex vivo 

harvested tumours at various days post-implantation. Colour of the label denotes ZsGreen (green) or mCherry 

(red) expression by the respective cell lines. Data show mean with p-values by one-way ANOVA using Kruskal-

Wallis multiple comparisons test, **p≤0.01. 
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   To determine whether WT cells from admixed tumours were phenotypically different 

to WT cells from WT:WT control tumours, MHC-I and PD-L1 expression was measured by 

flow cytometry (Figure 19A). It was hypothesized that the presence of KO cells in the 

admixed model would enable for higher intratumoural IFNγ accumulation which was 

observed previously in Chapter 2.3.1. However, no difference in MHC-I or PD-L1 expression 

was observed, indicating that both WT:WT and admixed tumours are equally capable of 

producing an environment which enables IFNγ-signalling. Similar to KO:KO tumours which 

produced OVA-specific T cells in higher frequencies than WT:WT, admixed tumours were 

similar to KO:KO tumours and also showed elevated presence of OVA-tetramer+ T cells 

(Figure 19B). Other lymphocyte populations, in both frequency and absolute count (Figure 

19C), were unchanged in all three models. 
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Figure 19. Phenotype of admixed tumours compared to single-mixture controls. (A) Surface expression of 

H2-Kb and PD-L1 as measured by flow cytometry on WT, IFNGR1KO or admixed tumours on days 12-14 post-

implantation. Data shows geometric MFI gated on ZsGreen+ cells. (B) Relative frequencies of tumour-infiltrating 

immune populations determined by flow cytometry. Samples were gated on live CD45+ cells. (C) Absolute counts 

of immune cells per mg of tumour tissue. Data are pooled from five independent experiments, and show mean ± 

SD with p-values by one-way ANOVA using Kruskal-Wallis multiple comparisons test in A, and two-way ANOVA 

for B & C. *p≤0.05; **p≤0.01; ***p≤0.005. 

 To identify potential immune populations which may be enabling the outgrowth of 

IFNGR1KO cells in admixed tumours, high dimensional flow cytometry using a 21-colour 

pan-immune panel (Table S2) was performed on tumour cell suspensions. Dimensionality 

reduction using opt-SNE, an improved and optimized form of T-distributed stochastic 

neighbour embedding (t-SNE), was performed on the dataset to create a visual 

representation (Figure 20A). Using an algorithmic tool called FlowSOM, metaclustering was 

performed on the resulting minimal spanning tree maps (Figure S4) to find the smallest 

number of informative clusters in the dataset.  

 Overall, the high dimensional flow cytometry data reflected on previous data that 

admixed tumours share more similar infiltration patterns to IFNGR1KO tumours compared to 

WT:WT tumours lacked two distinct populations present in KO and admixed tumours; the 

first was a tetramer-high CD8+ T cell population from cluster 11, and a second MHC-II+ TIM-

3+ PD-L1+ myeloid population which are present in clusters 13 and 14 (Figure 20B). 

Unsupervised clustering of all markers in the panel also clustered WT tumours separately 

from the majority of admixed and IFNGR1KO tumours (Figure 20C).  
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Figure 20. High dimensional spectral flow cytometry analysis of CD45+ infiltrating cells in WT, IFNGR1KO 

and admixed tumours. (A) opt-SNE plots of live CD45+ immune cells analysed from a 21-colour Cytek Aurora 

flow cytometry panel using the OMIQ software platform. Each plot contains an equivalent number of cells 

downsampled from a given number of samples per tumour type, indicated by the number in brackets. Plots are 

coloured by FlowSOM metaclustering which determines the optimal number of nodes which best describe the 

dataset. (B) opt-SNE plots by continuous colour scale where each marker is represented by an independent 

scale. Highest expression in the dataset is shown by red, and lowest expression in blue. (C) Unsupervised 

hierarchical clustering of the individual samples in the dataset by marker expression heatmap. Marker expression 

is globally scaled for comparison. Data are from one experiment, representative of two independent experiments.  
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4.2.2 Presence of WT and IFNGR1KO tumour cells in admixed tumours enables 

competition which results in a distinct tumour phenotype 

 Admixed tumours were observed to be highly heterogeneous in terms of tumour 

volume, composition, and immune control following implantation (Figure 21A&B). As 

IFNGR1KO tumour cells are already present at the time of implantation, this model does not 

recapitulate the different phases of the cancer immunoediting, which would in theory develop 

this resistance over time. However, the admixed model still appeared to give rise to tumours 

resembling each phase based on the tumour volumes measured over time (Figure 21B). 

The three types of tumours which fall along the spectrum of immune elimination, control, and 

escape are highlighted in Figure 21C. The ratio of IFNGR1KO to WT tumour cells, as well 

as tumour volume, are used as an indicator of disease progression.  

In brief, tumours may grow exponentially by around day 9 post-implantation, in which 

case no tumour control by the immune response is possible. Alternatively, a strong immune 

response may be mounted, whereby some tumours remain small, but palpable, or are 

eliminated completely despite their original presence. Lastly, the majority of tumours are in 

equilibrium, which is generally the phase in which they are analysed experimentally and we 

look for clues as to which tumours may be controlled or not.  
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Figure 21. Phases of immune escape as modelled by B16 WT and IFNGR1 admixed tumours. (A) Variability 

in tumour volume of admixed tumours measured at experimental or humane endpoint, between days 10-18 post-

implantation. (B) Experimentally acquired growth curves of individual admixed tumours coloured by the proposed 

immunoediting phase. (C) Schematic of the types of tumours which may arise during tumour growth and 

progression. Two pathways are proposed, the first of which is caused by the lack of immune response, and 

therefore an increase in tumour size is observed without a change in the ratio of KO to WT cells. The second is 

initial immune control of the tumour which depletes WT cells in the admixture, but tumour progression proceeds 

due to growth of KO cells. 

We attempted to stratify 20 admixed tumours across five independent experiments to 

analyse the different outcomes of the tumours which were implanted in experimentally 

similar conditions (i.e., cell number, cell passage, etc.). A pattern similar to our model 

emerged, where three groups could be distinguished from the tumours analysed (Figure 

22A). Tumours which were roughly 50/50 WT and IFNGR1KO cells and larger in volume 

represented a lack of successful immune control. The remaining two groups of tumours 

experienced outgrowth of KO cells, but differed in tumour volume. Generally, low WT 

presence and higher tumour volume samples were harvested at later timepoints (Figure 

22B). To gauge whether these groups of tumours were immune-responsive, levels of MHC-I 

on the tumour cells were measured by flow cytometry. As expected, IFNGR1KO cells were 

not observed to upregulate MHC-I regardless of tumour volume (Figure 22C). Levels of 

MHC-I on WT cells, however, were similar between small (<100mm3) and moderate (200-

500 mm3) tumours (Figure 22D), indicating that the tumour cells were recently IFNγ-

responsive. We compared relative infiltration of lymphocytes between small and moderate 

sized tumours with a high proportion of IFNGR1KO cells, and found that although the 

proportion of CD8+ T cells were lower in moderate-sized tumours, a significant proportion of 

them were OVA-specific ( Figure S5).  

C 
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In general, tumours of the same WT:KO ratio and tumour volume had very similar 

immunological footprints (e.g., MHC-I expression, CD4/CD8/NK infiltration). While we had 

initially assumed that tumour volume was a highly stochastic measure, stratification of our 

admixed tumours showed us that tumours of similar size and composition often elicited very 

similar immune responses. This ultimately allows us to create models of cell competition with 

limited parameters based on experimental data. Models such as these with heuristic value 

may have some merit in the field of immunotherapy where patient data and meaningful 

biomarkers are difficult to obtain. 

Figure 22. Stratification of B16-OVA ZsGreen-WT:mCherry-KO tumours. (A) Percentage of mCherry-KO 

tumour cells present in the live CD45- proportion of tumours analysed by flow cytometry plotted against tumour 

volume at time of harvest. (B) Ratio of mCherry-KO to ZsGreen-WT cells versus day of tumour harvest. Surface 

expression of H2-Kb on mCherry-KO cells (C) or ZsGreen-WT cells (D) versus tumour volume. Each point 

represents one tumour, and labels for each tumour are consistent between all graphs.  
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4.2.3 B16 admixed tumours are insensitive to single agent anti-PD-L1 checkpoint 

blockade 

From Figure 19A, we observed that PD-L1 expression levels on WT cells from both 

WT:WT and admixed tumours were similar despite the presence of IFNGR1KO cells in the 

admixed tumours. To investigate the possibility that intratumoural expression of PD-L1 

influences the ratio of WT to KO cells in admixed tumours, anti-PD-L1 was administered to 

mice following implantation ( Figure 23A). Similar to previous experiments with independent 

WT or KO tumours in chapter 3.2.5, anti-PD-L1 did not significantly influence the tumour 

volume  ( Figure 23B), nor the degree by which WT cells were cleared from the tumours ( 

Figure 23C). Further profiling of the infiltration of immune cells into admixed tumours 

showed no differences either in the frequency ( Figure 23D) nor absolute numbers ( Figure 

23E) of the lymphocyte populations analysed. The effects of anti-PD-L1, despite the high 

levels of PD-L1 expressed by the WT tumour cells, appear to be null in our current models. 
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 Figure 23. Administration of anti-PD-L1 does not have an effect on the progression of admixed tumours 

in vivo. (A) Dosing schedule of anti-PD-L1 monoclonal antibody or isotype control following B16-OVA ZsGreen-

WT/mCherry-KO tumour induction. Control WT:WT tumours were not administered either antibody and used as a 

negative control. (B) Tumour volumes of treated and non-treated tumours on day 16 post-tumour induction. (C) 

Percentage of tumour cells which were mCherry or ZsGreen at experimental endpoint, measured by flow 

cytometry. Sample were gated on live CD45- population. Frequencies of tumour-infiltrating lymphocyte 

populations by percentage of CD45+ (D) and absolute count (E) determined by flow cytometry. Samples were 

gated on live CD45+ cells. Data is from one experiment and show mean with statistical testing performed by one-

way ANOVA in B, and two-way ANOVA in D and E. 
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4.2.4 Confocal microscopy of admixed tumours show spatial segregation of WT and 

IFNGR1KO cells  

Following the observation that presence of WT tumour cells diminished over time in 

admixed tumours, we used confocal microscopy to gain spatial information of how tumour 

cells were organized over time (Figure 24A). Cryosectioning of tumours at days 9, 12 and 

15 post-implantation and subsequent imaging showed that single-mixture WT:WT or KO:KO 

tumours were uniformly mCherry and ZsGreen and sporadically unpatterned. In comparison, 

admixed tumours were non-uniform and showed segregation of WT from KO cells (Figure 

24B). Admixed tumours at late stages featured a unique pattern where WT cells formed an 

internal core, surrounded by KO tumour cells. This prompted further investigation using 

confocal microscopy to analyse the stages at which tumour cells became segregated, and 

where immune cells are localized within each tumour. 

A 
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Figure 24. Confocal imaging of B16-OVA WT and IFNGR1KO admixed tumours. (A) Workflow for collection, 

fixation, sucrose immersion, freezing, cryosectioning, staining, and mounting, of tumour samples for microscopy. 

(B) Images of control WT:WT, KO:KO, and admixed ZsGreen-WT:mCherry-KO, or mCherry-WT:ZsGreen-KO 

tumours collected on days 9, 12, or 15 post-implantation. Each image represents one individual tumour, and are 

representative of 3-6 tumours collected per time point from two independent experiments. 

 Early stages (days 9-12 post-implantation) of admixed tumours were well infiltrated 

by both CD4+ and CD8+ T cells, and both WT and KO ‘zones’ contained both T cell subsets 

in equal proportion (Figure 25A-C). We attempted to use the machine learning function in 

Imaris image analysis software to identify the number of CD4+ and CD8+ T cells observed 

per tumour section from a set of tumours imaged on day 12 post-implantation (Figure 25D). 

Overall, there were no immediate differences in the number of CD4+ or CD8+ T cells per 

tumour section analysed, the counts of which were normalized to the total tumour area in 
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each image. However, this analysis is limited by the single section taken per tumour, and is 

likely not representative of the whole tumour nor the degree of segregation present in each. 
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Figure 25. Confocal images of ZsGreen-WT:mCherry-KO tumours immunostained for CD8ɑ and CD4 

antibodies. Each panel from A-C show an individual tumour from day 15 post-implantation. Sections were 

stained with anti-CD8ɑ AF647 and anti-CD4 PE antibodies for detection of T cells. (D) Quantification of the CD4+ 

or CD8+ T cells per unit area of the images. Each dot represents one section from one tumour. Data is from one 

experiment, and show the mean for each set of samples. 

During late stages of segregation, some, but not all, tumours showed preferential 

clustering of CD8+ T cells within WT zones, leaving adjacent KO zones less well infiltrated 

(Figure 26A). In admixed tumours where WT cells were not found during imaging, CD8+ T 

cells showed greater infiltration into the tumour compared to CD4+ T cells, which were 

mostly retained at the periphery of the tumour tissue (Figure 26B&C). This may indicate an 

advantage in these tumours where CD8+ T cells have improved tumour infiltration, compared 

to tumours where both WT and KO cells remain. 
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Figure 26. Confocal images of admixed tumours taken at day 15 which show a high degree of tumour cell 
segregation. Images of ZsGreen-WT:mCherry-KO tumours (A and C), or a mCherry-WT:ZsGreen-KO tumour 

(B) which shows anti-CD8ɑ and anti-CD4 staining. Each image is from one individual tumour. Data are from one 

experiment. 
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4.2.5 Immune escape of IFNGR1KO tumour cells in admixed tumours requires the 

presence of CD8+ T cells and/or IFNγ in vivo 

 We proceeded to test the admixed model in CD8 knockout (Cd8atm1Mak) and IFNγ 

knockout (Ifngtm1Ts) mice to determine whether the major producers of IFNγ, or IFNγ itself, 

are important factors in the segregation phenotype. Similar to previous experiments, mice 

were implanted with a 1:1 mixture of B16-OVA ZsGreen-WT and mCherry-IFNGR1KO. 

Tumours were on average larger than in WT mice (shown in Figure 18C) as most tumours 

did not experience a ‘stationary’ period of growth (Figure 27A&B). Interestingly, the admixed 

phenotype whereby IFNGR1KO cells outgrow WT cells over time was reversed (i.e., WT 

outgrows IFNGR1KO cells) in about half of the CD8KO mice (Figure 27C). In comparison, 

no significant outgrowth of either WT nor IFNGR1KO cells was observed in IFNγKO mice. 

The levels of MHC-I (H2-Kb) upregulation were measured on both ZsGreen and mCherry 

tumour cells isolated from the tumours implanted in CD8KO and IFNγKO mice. Compared to 

WT mice, MHC-I levels on WT cells were 10-to-20-times lower in CD8KO mice, which was 

indicative of the overall effect that CD8+ T cells normally have on tumour cells in vivo (Figure 

27D). No significant H2-Kb was measured on either cell type from IFNγKO mice, 

demonstrating that MHC-I expression is primarily driven by IFNγ in vivo. 
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Figure 27. B16-OVA WT and IFNGR1KO admixed model in CD8KO and IFNγKO mice. (A) Tumour volumes 

measured by day of control WT:WT or KO:KO tumours, and admixed WT:KO tumours, in CD8KO and IFNγKO 
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mice. Mice were implanted with 1x105 total tumour cells subcutaneously per flank. (B) Tumour volumes in 

CD8KO and IFNγKO mice at endpoint, on day 13 and day 10, respectively. (C) Ratio of mCherry and ZsGreen 

cells measured by flow cytometry of tumours isolated from CD8KO and IFNγKO mice. (D) Levels of H2-Kb MHC-I 

by geometric MFI measured on ZsGreen+ or mCherry+ tumour cells gated by live CD45- population. Data are 

pooled from two independent experiments, and show mean with p-values by one-way ANOVA using Kruskal-

Wallis multiple comparisons test in B & C. **p≤0.01; ***p≤0.005; ****p≤0.001. 

Spectral flow cytometry and metaclustering analysis of infiltrating immune 

populations showed a lack of difference between WT:WT or KO:KO control and admixed 

tumours (Figure 28A). Compared to previous opt-SNE plots from the same tumour mixtures 

in WT mice, there were no detectable changes in the frequencies of clusters identified nor 

specific immune populations which differed between the conditions. This indicated overall 

that the admixed phenotype was primarily CD8+ T cell- and IFNγ-driven. Overall tumour 

infiltration of CD45+ cells was significantly diminished in CD8KO mice (Figure S6), and 

affected to a lesser extent in IFNγKO mice. 

The metaclustering analysis showed a loss in the differences within the CD8+ T cell 

population between WT:WT and KO:KO/admixed in IFNγKO mice. This prompted a more in-

depth comparison of the tetramer-positive T cell populations between the two models. The 

difference in percentage of tetramer-positive T cells between WT:WT and KO:KO/admixed 

was lost in IFNγKO mice (Figure 28B). Furthermore, no difference in MFI of the tetramer 

staining was observed (Figure 28C), a phenotype which was preserved in previous 

experiments as well as in the admixed model. This indicates that IFNγ-driven MHC-I 

expression is likely required for downregulation of OVA-specific TCRs, as lack of MHC-I 

expression on the tumours of IFNγKO mice maintains a similar tetramer MFI across all 

groups. This would also imply that the higher tetramer MFI of T cells in IFNGR1KO tumours 

in WT mice is due to lack of TCR-dependent stimulation, rather than increased TCR affinity. 
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Figure 28. High dimensional flow cytometry analysis of CD45+ cells from IFNγKO or CD8KO tumours. (A) 

opt-SNE plots of live CD45+ immune cells analysed from a 20-colour Cytek Aurora flow cytometry panel (Table 

S3) using the OMIQ software platform. Individual metaclusters of cells were determined using FlowSOM and 

indicated by different colours and labels. Plots shown are concatenated from 3-5 samples of the same tumour 

type. Data are from one experiment per mouse strain, representative of two independent experiments each. (B) 

Percentage of CD8+ T cells which were tetramer+, gated on live CD45+ cells. (C) Geometric MFI of tetramer+ T 

cells, gated on CD8+ T cells. Samples are grouped by mouse strain (i.e., WT of IFNγKO). Data are pooled from 

two independent experiments using IFNγKO mice, and three independent experiments using WT mice. Data 

show mean ± SD with p-values by two-way ANOVA using multiple comparisons testing in B & C. *p≤0.05; 

**p≤0.01; ***p≤0.001. 
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 Finally, we used confocal microscopy to determine whether admixed tumours formed 

any particular patterns in CD8KO and IFNγKO mice. In IFNγKO mice, although there was 

some evidence that some tumours showed ‘patchiness’ of WT or IFNGR1KO cells in some 

areas (Figure 29A), there were frequently tumour regions where cells remained well-mixed, 

and did not exhibit the same exclusionary pattern as in WT mice where WT cells were 

corralled into the core of the tumour (Figure 29B-C). Similar observations were found in 

CD8KO mice (Figure 29D-F), which indicates that there may be some preference for each 

cell type to grow around similar cells, which produces a less speckled pattern than found 

previously in Figure 24B.  

For admixed tumours in CD8KO mice where WT cells outgrew IFNGR1KO cells, we 

imaged two independent tumours. Interestingly, these tumours showed the reverse pattern 

of cell segregation, where IFNGR1KO cells were closer to the centre of the tumour, and WT 

cells formed the majority of cells in the tumour (Figure 29G-I). These images, together with 

the segregation patterns from WT mice, provide a clue as to how tumour cells which are 

vulnerable to immune pressure are cleared over time. Further work is needed to clarify the 

types of immune cells which are involved in clearance of KO cells in the model, which may 

provide a key in understanding an CD8-independent pathway of tumour control.  
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Figure 29. Confocal microscopy images of admixed tumours in IFNγKO and CD8KO mice. Representative 

sections taken from B16-OVA ZsGreen-WT and mCherry-IFNGR1KO tumours in IFNγKO mice (A-C), and 

CD8KO mice (D-I) are shown. Each image per mouse strain is taken from 3 mice per group, except for images in 

G-I which are taken from two mice.  
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4.3 Discussion and conclusion 

4.3.1 Observations from the CD8KO and IFNγKO murine models 

The CD8KO and IFNγKO murine models initially served as a negative control for the 

admixed tumours as we hypothesized that the phenotype was IFNγ-driven. Instead, the two 

strains provided more interesting insights into the data obtained in the previous chapter, as 

well as the findings described in the current chapter, as the effects of losing CD8+ T cells or 

IFNγ appeared more nuanced than anticipated. Although loss of IFNγ did not abolish the 

presence of OVA-specific CD8+ T cells in the tumour, it did result in complete failure of 

tumour control as humane endpoints were reached by day 10 post-implantation. 

 In Chapter 3.2.5, we attempted to uncover whether IFNγ-signalling in tumour cells 

affected cross-priming of T cells. Although this model suggests that IFNγ is indispensable for 

the priming of OVA-specific T cells, the lack of IFNγ signalling in tumour cells also rendered 

WT and KO tumours similar to one another. Therefore, the important dimensionality of how 

the tumour itself contributes to T cell priming is lost. Without IFNγ present, no significant 

differences in the proportion of OVA-specific T cells in between WT and IFNγKO mice was 

observed, supporting the idea that IFNγ is dispensable for cross-priming of tumour-specific T 

cells. The infiltration of OVA-specific T cells in these tumours also indicate that while CD8+ T 

cells are able to arrive at the tumour site, cytotoxic functions which result in tumour control 

are IFNγ-dependent. Lastly, there was no longer a separation in the quantity nor MFI of the 

tetramer+ T cells between WT and KO tumours in IFNγKO mice. While it remains a 

possibility that these T cells are of higher TCR affinity, and therefore stain for higher MFI, it is 

more likely that the lack of MHC-I upregulation in IFNγKO mice would reduce T cell receptor 

engagement, and subsequent downregulation. 

 The CD8KO model was uniquely compelling for admixed tumours as an unexpected 

reversal of the phenotype was observed. The main differences were that admixed tumours in 

WT mice may have little to no WT cells remaining (0.5 to 10%) whereas 5 to 30% of KO cells 

would remain in the reversed admixed tumours from CD8KO mice. However, this would 
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mean that there is some CD8-independent mechanism which is capable of inhibiting KO cell 

growth, or promoting KO cell death. It would be intriguing if the same cell type or mechanism 

plays a role in the control of KO tumours when implanted independently, which remains to 

be uncovered. Future experiments will be focused on repeating the phenotype using an anti-

CD8β depletion antibody to deplete CD8+ T cells specifically, rather than ablating all CD8ɑ-

expressing cells in vivo. 

 

4.3.2 Tumour-intrinsic mechanisms underlying tumour cell segregation 

 One striking observation is the reliability with which WT cells are increasingly 

segregated from IFNGR1KO cells over time when both cell types are present in the same 

microenvironment. Tumour-intrinsic factors are likely to enhance or accelerate this process, 

with IFNγ-dependent pathways taken into further consideration. Key chemokines expressed 

by the tumour cells themselves may directly enhance T cell infiltration. B16 cells have been 

found to express CXCL9 and 10243, which are upregulated by IFNγ stimulation. This 

chemoattraction may explain the clustering of CD8+ T cells preferentially around WT cells in 

admixed tumours which have an abundance of IFNGR1KO cells present, and also provide a 

clue as to how WT cells become the preferential target. We can determine intrinsic 

chemoattractant properties of B16F10 using transwell migration assays, and incubation with 

immune subsets derived from pure cultures or sorted by flow cytometry from the tumour. 

Additionally, stimulation of B16F10 with IFNγ followed by a wash-out period would ‘prime’ 

the tumour cells for production of chemoattractants regulated only by IFNγ. 

Recent studies have also highlighted the importance of IFNγ-dependent pathways 

which increase the adhesion between tumour cells and effector T cells, as demonstrated by 

the use of CAR T cells against solid tumours.268,269 Success of these therapies hinges on the 

upregulation of ICAM-1 by IFNγ on tumour cells, which allows for T cell entry and promotion 

of interaction between T cells and target cells. Although B16F10 is not known to express 

ICAM-1270, they do express CD44, and integrins ɑ1, ɑ4, ɑV, and β1.271 Some of these 



 102 

integrins are directly upregulated by IFNγ272,273, but it is currently unknown which integrins 

and binding partners are used by T cells for direct adhesion. 

Whole-mount immunolabelling, tissue clearing, and imaging of tumours by light-sheet 

microscopy has been recently demonstrated by different groups.274–276 Volumetric 3D 

imaging of admixed tumours would greatly enhance our understanding of the cell 

segregation patterns, as current 2D imaging is limited to sampling of small tumour sections 

at a time. Furthermore, immunolabelling of T cells within the tumour, or detection of myeloid 

populations using fluorescent reporters would provide spatial information on whether these 

interactions contribute to the observed admixed phenotype. 

 

4.3.3 Immune mechanisms enabling the admixed phenotype 

 Based on the observation that independent WT and IFNGR1KO tumours remained 

similar in size during tumour progression, we surmised the possibility that the same immune 

factors would control both types of tumours with equal effectiveness. This would result in 

admixed tumours retaining a 50:50 WT:KO composition overtime, which was not 

experimentally observed. An alternative model, where independent factors control WT and 

KO tumours, would better explain how both may be present in an admixed context (Figure 

30). Although the independent factors may be difficult to narrow down, we have experimental 

clues as to which cell types and pathways are most worthwhile exploring. 
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Figure 30. Independent factors controlling B16 WT and IFNGR1 tumours may be used to explain the 

phenotypes observed in the admixed model. 

 The factors controlling WT cells are more likely to be CD8+ T cell-based, based on 

previous literature which have reported that CD8+ T cells are necessary for efficacy of 

checkpoint therapy in B16F10 models.277,278 Supporting this is the observation that loss of 

CD8+ T cells also results in outgrowth of WT in our admixed model. The factors controlling 

KO cells are more difficult to ascertain. It is possible that outgrowth of WT cells in some 

CD8KO tumours are due to improved NK cell cytotoxicity against IFNGR1KO cells, which 

could be experimentally tested using NK depletion methods in vivo. Our analysis of high 

dimensional flow cytometry data from WT mice also proposes that the factor may be myeloid 

in origin, due to the presence of a MHC-IIhi population in the KO which is not present in the 

WT. Indeed, MHC-IIhi
 TAMs have been reported to be present during the early phase of 

tumour suppression, and transition to a MHC-IIlo phenotype was associated with tumour 

progression.279  

In chapter 5, our single-cell dataset was used to identify dichotomous monocyte and 

macrophages present in WT and KO tumours. Taken together, these data point to an 

intermediary between lymphocytes which can control the tumour, and a myeloid component 

which enables, or hinders, their anti-tumour function.  
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4.4 Appendix 

Table S2. Cytek Aurora panel for admixed experiments in WT mice. 

Peak 
Channel Fluorochrome Marker 

 
Clone 

 
Manufacturer 

 
Cat. No. 

 
Dilution (1:X) 

UV2 Spark387 CD8a 53-6.7 Biolegend 100798 200 

UV6 Zombie UV -- -- Biolegend 423108 1000 

UV14 BUV737 CD44 IM7 eBioscience 367-0441-82 400 

UV16 BUV805 CD45 30-F11 eBioscience 368-0451-82 400 

V1 BV421 OVA-Tetramer -- NIH  -- 500 

V3 PB CD11c N418 Biolegend 117231 400 

V10 BV605 PD-1 29F.1A12 Biolegend 135219 200 

V11 BV650 PD-L1 10F.9G2 Biolegend 124333 400 

V13 BV711 CD62L MEL-14 Biolegend 104438 200 

V15 BV785 CD103 2E7 Biolegend 121439 200 

B2 ZsGreen Tumour -- -- -- -- 

B9 PerCP-Cy5.5 CD4 GK1.5 Biolegend 124334 400 

YG1 PE TCRβ H57.597 Biolegend 109207 400 

YG3 mCherry Tumour -- -- -- -- 

YG5 PE-Cy5 MHC-II M5/114.15.2 Biolegend 107611 1000 

YG9 PE-Cy7 LAG-3 C9B7W Biolegend 125225 200 

R1 APC TIM-3 RMT3-23 Biolegend 119706 200 

R2 AF647 NKp46 29A1.4 Biolegend 137628 100 

R4 AF700 H2-Kb AF6-88.5 Biolegend 116521 200 

R7 APC/Cy7 CD19 6D5 Biolegend 115525 200 

R8 APC-Fire810 CD11b M1/70 Biolegend 101288 400 

Table S3. Cytek Aurora panel for admixed experiments in CD8KO and IFNγKO mice. 

Peak 
Channel Fluorochrome Marker 

 
Clone 

 
Manufacturer 

 
Cat. No. 

 
Dilution (1:X) 

UV2 Spark387 CD8a 53-6.7 Biolegend 100798 200 

UV6 Zombie UV -- -- Biolegend 423108 1000 

UV14 BUV737 CD44 IM7 eBioscience 367-0441-82 400 

UV16 BUV805 CD45 30-F11 eBioscience 368-0451-82 400 

V1 BV421 OVA-Tetramer -- NIH  -- 500 

V3 PB CD11c N418 Biolegend 117231 400 

V10 BV605 PD-1 29F.1A12 Biolegend 135219 200 

V11 BV650 PD-L1 10F.9G2 Biolegend 124333 400 

V13 BV711 CD62L MEL-14 Biolegend 104438 200 

V15 BV785 CD103 2E7 Biolegend 121439 200 

B2 ZsGreen Tumour -- -- -- -- 

B9 PerCP-Cy5.5 CD4 GK1.5 Biolegend 124334 400 

YG1 PE TCRβ H57.597 Biolegend 109207 400 

YG3 mCherry Tumour -- -- -- -- 

YG9 PE-Cy7 Ly6C HK1.4 Biolegend 128018 400 

R1 APC F4/80 BM8 Biolegend 123115 200 

R2 AF647 NKp46 29A1.4 Biolegend 137628 100 

R4 AF700 MHC-II M5/114.15.2 Biolegend 107621 400 

R7 APC/Cy7 CD19 6D5 Biolegend 115525 200 

R8 APC-Fire810 CD11b M1/70 Biolegend 101288 400 
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Figure S3. Structure of the ZsGreen- and mCherry-minOVA transgene used in transduction of B16F10 
cells. The gene fragments were cloned into a pHRSIN lentiviral backbone under a SFFV constitutive promoter. 

 

 

 

Figure S4. Example of FlowSOM metaclustering using the OMIQ analysis software. Tree-structure 

visualization used for determining each uniquely coloured metacluster. Sample trees (right) show relative 

expression of two representative markers in the flow panel. 
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APC-Fire810 – CD11b 

PE-Cy5 – MHC-II 
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 Figure S5. Comparison of mCherry:ZsGreen ratio from admixed tumours and infiltration of lymphocyte 

populations. Each dot represents one tumour and tumours are labelled with the same number or symbol 

throughout. All lymphocyte populations shown are gated on live CD45+ cells. 
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Figure S6. Absolute counts of CD45 cells, or lymphocyte populations found in control or admixed 

tumours compared between three mouse strains. Data are pooled from two independent experiments for 

each mouse strain, and showed mean ± SD with statistics by two-way ANOVA using Kruskal-Wallis multiple 

comparisons test, *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001. 
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Single-cell analysis of infiltrating CD45+ immune cells from B16-

OVA WT and IFNGR1KO tumours 

5.1 Introduction 

 This chapter describes the single-cell sequencing experiment and analysis of CD45+ 

immune cells infiltrating the B16-OVA WT or IFNGR1KO tumours. Using different 

bioinformatic tools to interrogate the dataset in an unbiased manner, we found that the 

single-cell dataset supported our experimental findings where CD45+ cells were 

experiencing a more IFNγ-rich environment in IFNGR1KO tumours compared to WT. 

Sequencing data allowed us perform unbiased characterization of immune subsets which 

have adapted to IFNGR1 ablation on tumour cells. By doing so, we hypothesized that one or 

more immune subsets (e.g., CD8+ T cells) may be responsible for the increase in 

intratumoural IFNγ, and this increase also causes transcriptional changes in other cells. 

  

5.1.1 Utility of single-cell sequencing over conventional transcriptomic methods 

 The transcriptome is the set of RNA transcripts present in a cell at any given time, 

which can be used to interrogate cellular function and molecular components specific to the 

physiological state in question. Bulk RNA sequencing (referred to as RNAseq) measures the 

transcriptome of a population of cells and enables both identification and quantification of 

transcripts present.280 The most common type of analysis following RNAseq is differential 

gene expression, which is measured by the change in read counts between samples. 

Pathway analysis, or gene set enrichment analysis, gives greater meaning to groups or sets 

of differentially expressed genes which may belong to similar functional, metabolic, or 

signalling pathways, as examples.281 However, the transcriptomes from unique cell 

populations are often lost, and rare or low abundance transcripts may be overlooked due to 

highly expressed common or ubiquitous transcripts.  

 Single-cell RNAseq (scRNAseq) overcomes many cell-specific limitations, and was 

developed following technology which allows for the capture and sequencing of 
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transcriptomes from single cells.282 Compared to RNAseq which may pool many cell types 

together and millions of cells at once, scRNAseq is limited by the number of cells it can 

profile, which is currently 10,000 cells per lane of an eight-lane chip by 10X Genomics.283 

Furthermore, between 500-1000 unique genes are often sequenced per cell, meaning that 

rarer transcripts are unlikely to be picked up.284 Although sampling of cells is much more 

limited in single-cell compared to bulk sequencing, scRNAseq has been instrumental in 

identifying rare, previously undescribed cell types from heterogeneous populations. 

Examples of single-cell profiling in immunology have allowed for extensive profiling of 

dendritic cell subtypes285, exploring TCR clonality with respect to antigen specificity286, and 

sampling of cell populations from 20 organs to reveal vast immune heterogeneity between 

tissues.287  

 

5.1.2 Using single-cell RNAseq to infer intratumoural interactions 

 Specific to the field of cancer immunology, single-cell sequencing has great utility in 

analysing pre- and post-immunotherapy samples to identify biomarkers of clinical response 

and resistance.288 Our interest in studying IFNGR1KO tumour cells was in part driven by 

sequencing experiments which identified IFNγ-signalling as a pathway downregulated in 

several murine cancer models to evade cytotoxic T cell-dependent killing.289,290  

 IFNγ-signalling is one type of cell-cell interaction which has both paracrine and 

autocrine functions. scRNAseq is increasingly being used to infer cell-cell interactions at 

both secreted, and cell-contact dependent levels, which provides information on both signal 

senders and receivers in a heterogeneous population.291 At present, however, these ligand-

receptor pairs must be manually curated from previous publications into single databases, 

which may include non-validated protein-protein interactions.292 Tools to analyse the ligand-

receptor pairs present in a scRNAseq dataset, such as CellPhoneDB293, NicheNet294, or 

CellChat218, calculate communication scores or probabilities based on gene expression of 

the ligand-receptor pairs. Although powerful in determining cell-cell interactions which are 

not otherwise possible during bulk sequencing, findings must be experimentally validated as 
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gene expression is not always indicative of protein levels especially for receptors which have 

low mRNA abundance.  

 Nevertheless, recent publications have shown the utility of analysing these signalling 

networks in the context of tumour microenvironments, and demonstrates the feasibility in 

which ligand-receptor pairs can be identified and subsequently validated in syngeneic 

tumour models.295 

 

5.1.3 Using single-cell RNAseq to identify influential myeloid populations 

 Mononuclear phagocytes present in the tumour range from monocytes and 

macrophages to dendritic cells which traffic to the tumour from blood or lymph nodes. Cell 

surface marker expression used in gating strategies for flow cytometry are largely insufficient 

for defining all the subsets of myeloid cells present. As a result, scRNAseq has been useful 

in delineation of myeloid subtypes which are not limited to those within tumour tissues.   

 The M1/M2 model of macrophage differentiation proposed in the early 2000’s is now 

thought to be insufficient in describing TAMs.296 The arrival of monocytes and subsequent 

differentiation into classical or TAM phenotypes cause the cells to exist on a continuum, 

rather than distinct, independent states.297 M1 and M2 signatures are found simultaneously 

in TAMs from all cancer types, which shows the need for an improved model which groups 

TAMs based on functional characteristics rather than gene expression.296,298 A recent review 

of TAMs using the single-cell omics data aimed to categorize TAMs based on their function, 

rather than the M1/M2 dichotomy (Figure 31), and their respective functions are 

summarized in Table 2. Correspondingly, similar reviews have also begun to use functional 

definitions in order to classify TAMs.299 
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Figure 31. Characterization of TAMs in to seven functional subsets using single-cell omic datasets. 

Distinctive molecular features of TAM subsets were identified across many different human and mouse cancer 

types. These transcriptomic subsets exist on a continuum rather than distinct subsets, contrary to previous 

models which attempt to classify TAMs as pro-inflammatory or immunosuppressive. Figure retrieved from 298.  

Table 2. Descriptions of TAM subsets by function. 

TAM Subset Description Functions in the TME 

IFN-TAMs 

(Interferon-primed 

TAMs) 

High expression of IFN-regulated genes, 

resembling M1-like macrophages but are 

not anti-tumour 

Tryptophan degradation, recruitment of 

Tregs, high expression of immune 

checkpoint molecules 

Reg-TAMs (immune 

regulatory TAMs) 

Resemble alternatively activated 

macrophages, high expression of Arg1, 

Mrc1, and Cx3cr1 

Non-exclusive immune regulatory 

functions, including immunosuppression 

via Trem2 expression 

Inflam-TAMs 

(inflammatory 

cytokine-enriched 

TAMs) 

Inflammatory cytokine signature, 

including Il1b, Cxcl1/2, Ccl3, Ccl3l1 

Recruitment of monocytes and 

lymphocytes via secretion of chemokines 

during tumour-associated inflammatory 

responses 

LA-TAMs (lipid-

associated TAMs) 

Enrichment of genes in lipid metabolism 

and oxidative phosphorylation pathways 

Lipid catabolism in macrophages is 

associated with immunosuppression and 

tolerance of other immune cells; lipid 

accumulation are required for proliferation 

and activation of TAMs 

Angio-TAMs 

(proangiogenic 

TAMs) 

High expression of angiogenic signature 

Vegfa and Spp1, along with angiogenic 

factors Vcan, Fcn1 and Thbs1  

Promotion of angiogenesis; facilitate 

metastasis through promotion of tumour 

cell intra- and extravasation, and 

chemotherapy resistance 

RTM-TAMs 

(resident-tissue 

macrophage-like 

TAMs) 

Resembles normal tissue-resident 

macrophages, but also have high 

embryonic precursor signature 

Enriched in adjacent tissues from tumour 

cells, and induces epithelial-mesenchymal 

transition and tumour invasiveness 
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Prolif-TAMs 

(proliferating TAMs) 

Expression of Mki67 and cell cycle-

dependent genes such as cyclins 

Pro-inflammatory functions and expands 

through proliferation to promote tumour 

progression; promotes a profibrotic tumour 

phenotype 

 

 Almost all cell types and aspects of the tumour microenvironment are capable of 

modulating TAM activity (Figure 32). As macrophages are highly plastic cells which respond 

to their environment, several TAM-targeted treatments have attempted to reprogram their 

functionality and promote anti-tumour functions. Use of monoclonal antibodies which 

modulate their ability to phagocytose target cells have been shown to enhance killing of 

cancer cells in murine xenograft models.300 Intratumoural delivery of Toll-like receptor 

agonists have been tested for activating innate immune pathways in TAMs, as classical TLR 

agonists are known for their ability to polarize macrophages in vitro and in vivo.301 Lastly, 

agonists for the CD40-CD40L pathway utilized broadly by innate and adaptive cells is known 

to upregulate MHC molecules and production of IL-12, which leads to activation of cytotoxic 

lymphocytes.302,303 Anti-CD40 agonistic antibodies are tested for their ability to induce 

macrophage and other APC activation as a method of bolstering the adaptive anti-tumour 

response. 

 Understanding of how such a heterogeneous population of cells with diverse 

functionality are recruited and sustained in the tumour microenvironment is of significant 

interest, as their differentiation is in direct response of cytokine and chemokines present. As 

a result, studying macrophage diversity and function within a tumour would be indicative of 

the overall state of the TME, and made easier by their relative abundance compared to other 

cell types. 
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Figure 32. Immune and non-immune drivers of the TAM phenotype in the tumour microenvironment. (Left) 

Innate and adaptive cells both produce primarily Th2 cytokines which contribute to TAM function, with the 

exception of IFNγ and TNFɑ which exert pro-tumour functions in this scenario. (Right) Non-immune drivers such 

as fibrosis by cancer-associated fibroblasts, hypoxic conditions, and cell stress from apoptotic cells also drive the 

TAM phenotype. Tumour cells, and other immune cells secrete M-CSF to recruit monocytes, and promote 

differentiation into TAMs. Created with BioRender.com. 

 

 In our current studies, we integrated different and complementary types of analyses 

to fully characterise how IFNGR1KO tumours alter the cell-cell communication of immune 

cells during tumour development in an unbiased manner. We further analysed the 

differences in TAM subsets present in WT and KO tumours transcriptionally and made 

preliminary efforts in validating these phenotypes ex vivo with the hopes of understanding 

whether TAMs are a key cell type in enabling anti-tumour immunity in IFNGR1KO tumours.  
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5.2 Results 

5.2.1 Single-cell sequencing of B16 OVA WT and IFNGR1KO tumour reveals diverse 

CD45+ infiltrating populations 

 As flow cytometry-based analysis was limited in the unique markers useful for 

distinguishing independent immune cell types, we performed single-cell RNA sequencing 

(scRNAseq) analysis on the CD45+ infiltrating populations within WT and IFNGR1KO 

tumours. Incorporation of a cell hashing step during sample preparation mitigated 

downstream batch effects which would require additional batch correction algorithms during 

data analysis (Figure 33A). Following data quality control steps and filtering, dimensionality 

reduction was performed to allow for clustering of single-cell populations. UMAP projection 

of data structure shows equal distribution of both lymphoid and myeloid populations which 

are present in both WT and IFNGR1KO samples (Figure 33B). Proportional bar graphs 

comparing frequencies of each annotated cell type showed similar infiltration of lymphoid 

populations, and approximately 10% more cells identified as ‘macrophage 2’ in WT 

compared to KO (Figure 33C). Reassuringly, the populations identified from scRNAseq 

recapitulated the major immune cell types and their respective proportions previously found 

in our flow cytometry data in Chapter 3.2.1. 

A 
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Figure 33. Single-cell RNAseq analysis of CD45+ tumour-infiltrating cells from B16-OVA WT and 

IFNGR1KO tumours. (A) Workflow for tumour implantation and tissue processing at endpoint. Mice were 

implanted with 2.5x105 cells per flank. Single-cell suspensions of following enzymatic digestion of tumours were 

labelled with TotalSeqC cell hashing antibodies prior to fluorescence-activated cell sorting (FACS). (B) UMAP 

projection of the single-cell dataset analysed using the R package seurat. (C) Relative proportions of the cell 

clusters, separated by lymphoid and myeloid populations. 

 For simpler interpretation of global differential expression of genes between WT and 

KO, gene set enrichment (GSEA) was performed on the dataset to reveal the most 

significant pathways which define each condition (Figure 34A&B). Concordantly, both the 

hallmark gene sets and Reactome pathway databases independently identified IFNγ 

signalling as the top hit in the IFNGR1KO condition (i.e. normalized enrichment scores <0), 

indicating that those immune cells were indeed more likely to be experiencing an IFNγ-

B 

C 
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enriched microenvironment compared to WT. Enrichment plots for the ‘interferon gamma 

response’ pathway shows that gene overrepresentation is present in multiple cell subsets, 

rather than concentration on one cell type alone (Figure 34C).  

 Pathways which appeared in the WT tumours were indicative of a cytokine-rich 

environment, however, several of these were Th2-skewed, such as IL-6 or TGFβ-signalling 

from hallmark pathways, or IL-4/IL-10-signaling from the Reactome database. These 

cytokines have well-known immunosuppressive functions304, and prompted further analysis 

into which cell types are producing and receiving these signals within the tumour 

microenvironment.  

Figure 34. Pathway analysis of differentially expressed genes using GSEA and Reactome databases. 

Normalized enrichment scores for (A) GSEA hallmark pathways and (B) Reactome pathways. Pathways in blue 

have an adjusted p-value of <0.05. Scores greater than 0 show significant enrichment in WT tumours, whereas 

scores less than 0 are significantly enriched in IFNGR1KO tumours. (C) Enrichment plots for the ‘Interferon 

gamma response’ pathway from the hallmarks database of GSEA, independently generated for each cell subset 

(ie. CD8+ T cells, DCs, or monocyte/macrophage clusters).   

C 

A B 

IFNGR1KO WT IFNGR1KO WT 
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5.2.2 Analysis of CD8+ T cell clusters from WT and IFNGR1KO tumours 

 Following the observation that CD8+ TILs did not show a functional difference when 

stimulated ex vivo, we subset the CD8+ T cell clusters from the scRNAseq dataset to assess 

whether there is an apparent difference in transcriptional programmes (Figure 35A). 

Analysis of transcripts belonging to T cell receptor ɑ/β variable gene segments showed 

significant T cell clonality within the population of TILs (Figure 35B), which likely drove the 

difference between clusters 0 and 5 unique to each model. Furthermore, exhaustion scoring 

showed that clusters 0 and 5 were indeed transcriptionally similar as it identifies effector T 

cells expressing high levels of checkpoint inhibitory receptors (Figure 35C). Cluster 1 was 

identified as a stem-like T cell cluster which expressed the transcription factor Tcf7, and 

cluster 2 was an actively proliferating Mki67-positive subcluster (Figure 35D). Twice the 

number of CD8+ TILs from KO tumours were in cluster 4 compared to WT, which 

corresponded to a Gzmkhi population (analysis of cluster genes by heatmap Figure S7.). 

 Differential gene expression analysis showed expression of multiple genes which 

were unique to each tumour microenvironment (Figure 35E). Interestingly, CD8+ TILs from 

KO tumours expressed Gzmk and Gzmf, which are distinctly produced by activated T cells, 

and function as both inflammatory and cell cytotoxic molecules.305,306 Conversely, WT CD8+ 

TILs expressed higher levels of Ifng and Csf1, and Ptpn6 which encodes for SHP-1, a 

negative regulator of TCR signalling. Taken together, TILs originating from WT and KO 

tumours both appeared to be activated by distinctly different pathways. T cells from WT 

tumours appeared to display a more classical TCR-dependent activation pathway, including 

genes such as Ifng, Ptpn6, and Lat2. It is not yet known whether T cells from KO tumours 

are responding to TCR-dependent or independent signals, and whether this alternative 

transcriptional signature may be the result of IFNγ-signalling and APC-dependent activation 

as tumour cells themselves are not expressing MHC class I molecules in abundance. 



 118 
 

A WT KO 

B 

WT KO

WT KO

WT KO

WT KO

                

             

Exhaustion module scoring C D Tcf7 Mki67 

E 

IFNGR1KO WT 



 119 

Figure 35. Analysis of CD8+ T cell clusters from the scRNAseq dataset. (A) UMAP projection of CD8+ T cell 

subset clusters, separated by model. Relative frequencies of cells in each cluster are shown as a stacked bar 

graph to highlight differences in cluster distribution between WT and IFNGR1KO tumours. (B) Expression of TCR 

ɑ or β variable segment genes overlaid on UMAP projections highlighting model-specific T cell clones which 

express the same alleles. (C) Exhaustion module scoring on CD8+ T cells using the gene signature Pdcd1, Lag3, 

Havcr2, Tigit, Ctla4, Klrg1, and Prdm1. Results are overlaid on the UMAP projection which encompasses TILs 

from both WT and IFNGR1KO tumours. (D) Expression patterns of Tcf7 and Mki67 by clusters 1 and 2, 

respectively. Expression is scaled independently by gene. (E) Volcano plot for differentially expressed genes 

found within the CD+ T cell clusters, where positive values are upregulated by CD8+ TILs from WT tumours, and 

negative values from KO. 

 

5.2.3 Global analysis of cell-cell communication modes and networks 

 Prompted by the number of pathways from GSEA which were related to cytokine 

signalling, the tool CellChat218 was used to explore cell-to-cell communication within the 

scRNAseq data which may provide clues for relevant cell types in each model. CellChat 

consists of a database of known ligand-receptor pairs, which is then used to quantitatively 

infer intra- and intercellular communication networks from single-cell data. For this dataset, 

we were most interested in communication between lymphoid and myeloid populations. 

 The quantity and quality (i.e., inferred interaction strengths) of putative ligand-

receptor pairs were compared between WT and KO for secreted signalling, ECM-receptor, 

and cell-cell contact databases as categorized by CellChat. Similar to earlier pathway 

analysis, secreted signalling (i.e., chemokine or interleukin signalling) showed the greatest 

differences between WT and KO (Figure S8). Quantifying the differential number of 

interactions within secreted signalling showed that there were more interactions overall 

between multiple cell types in WT tumours compared to IFNGR1KO, indicated by blue lines 

in a circle plot, which connects different cells types located on different nodes on the circle 

(Figure 36A). Differential interaction strength showed that monocytes and macrophages 

(labelled simply as macrophages in these plots) interacted more strongly with multiple T cell 

types in WT, whereas DC to lymphoid signalling was more prominent in the KO (Figure 

36B). 

 The same analysis visualized as a heatmap features a barplot at the top, which 

represents the sum of incoming signals for each cell type (Figure 36C). Barplots at the right 
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of each heatmap represents the sum of outgoing signals for each sender cell type, which 

shows that monocytes and macrophages were the most abundant source of secreted 

cytokine signals in both quantity and strength. Plotting of all the soluble ligand-receptor pairs 

present in the dataset showed several signals which were WT tumour-specific, including 

Spp1, Tnf, and Csf (Figure 36D). The majority of soluble signals were chemokines, present 

in both WT and KO tumours and roughly equal in proportion (Figure 36E). These 

visualizations indicated that much of the signal sending was done by 

monocytes/macrophages in the dataset, which were further analysed as a subset. 
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Figure 36. CellChat analysis of ligand-receptor pairs for secreted signalling pathways present in the 

scRNAseq dataset. Circle plots showing (A) differential number of interactions, or (B) differential interaction 

strength, between WT and KO where arrows represent an increase in signals from one vertex (cell type) to 

another. Red arrows indicate increase in signals for KO tumours, and blue arrows in WT tumours. (C) Heatmap 

showing the sources, or senders, of signals on the y-axis and receivers on the x-axis. Red and blue squares 

indicate increase in signalling for KO or WT tumours, respectively. Coloured top bar plot at the top and right-side 

of the heatmap represents the sum of the column of values displayed to show total signals sent or received by a 

cell type. (D) Bar plot showing total information flow of all soluble ligand-receptor interaction types found in the 

dataset for WT and KO tumours individually. (E) Stacked bar plot for relative information flow between WT and 

KO tumours for soluble ligand-receptor signals to indicate interactions which are found in one condition but not 

the other.  

 

5.2.4 NK cells from IFNGR1KO tumours are more transcriptionally active compared to 

WT 

Following the observation that B16 IFNGR1KO tumours failed to upregulate MHC-I 

following in vivo implantation, we hypothesized that effective control of KO tumours 

compared to WT may be dependent on NK cell activity rather than CD8+ T cell-based 

immunity. Based on the principle of ‘missing self’, the presence of MHC-I molecules on 

virtually all nucleated host cells serves as an inhibitory ligand, thereby preventing activation 

against healthy host tissues during homeostasis.307 On aberrant cells, such as virally 

infected cells during HIV infection or tumour cells which have downregulated MHC-I, NK 

cells are capable of killing these cells directly as a rapid innate response. Furthermore, a 
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previous study where B2m was knocked out from B16F10 showed greater stimulation of 

activated NK cells during in vitro co-culture compared to the parental line.308 

 

 

Figure 37. Differential gene expression analysis within the NK cell cluster from scRNAseq. (A) Volcano 

plot for differentially expressed genes found within the NK cell cluster, where positive values are upregulated by 

NK cells from WT tumours, and negative values from KO. (B) Split violin plots showing expression of the top 13 

genes which are differentially expressed by NK cells from WT and KO tumours. (C) Functional enrichment 

analysis dot plot for differentially expressed genes in KO tumours using g:Profiler. Pathways are from multiple 

databases separated along the y-axis. Highlighted dots are shown as individual pathways in the table underneath 

with adjusted p-values. 

 We investigated transcriptional changes within the NK cell cluster and found 

significantly more genes upregulated by NK cells from IFNGR1KO tumours than WT (Figure 

37A). Among the top 10 differentially expressed genes (DEGs) were genes specific to KO, 
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several of which were indicative of NK cell activation such as Myb and Ctla4 (Figure 37B). 

Functional enrichment analysis using the tool g:Profiler281 yielded pathways related to 

metabolic function and protein biosynthesis (Figure 37C). This led to the hypothesis that NK 

cells had a key role in controlling IFNGR1KO tumours in vivo. 

 We sought to validate our findings experimentally via antibody-mediated NK cell 

depletion in vivo for tumour-bearing mice. In this model, NK cells were depleted prior to and 

after tumour induction to investigate the role of NK cells in overall tumour control (Figure 

38A). Near complete depletion of NK cells was verified by blood, lymph nodes, and 

intratumourally at endpoint (Figure 38B), whereas CD8+ T cell levels remained comparable 

to control animals treated with a corresponding isotype antibody (Figure 38C). Tumours 

grew much faster in NK-depleted mice compared to isotype controls, reducing overall 

survival by at least three days in more than half the animals in both cohorts (Figure 38D). 

However, no difference in tumour size by weight at endpoint was observed between B16 WT 

and IFNGR1KO mice (Figure 38E), indicating a lack of dependence on NK cells in the 

control of KO tumours in vivo. 

  
 
 

A 
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Figure 38. Antibody-mediated NK depletion in B16-OVA WT or IFNGR1KO tumour-bearing mice. (A) 

Experimental outline with anti-NK1.1 (clone PK136) or mouse IgG2a isotype antibody dosing schedule in C57Bl/6 

mice. (B) Tumour weights of NK-depleted, or isotype-treated mice at experimental endpoint day 12 post-

implantation. (C) Survival curves of all mice in the cohorts. Percentage of NKp46-positive cells (D) or CD8ɑ+ cells 

(E) gated on live CD45+ flow cytometry analysis of immune populations collected from the tumour, blood, or 

lymph nodes of tumour-bearing mice. Data is from one experiment and show mean with statistical testing 

performed by non-parametric Mann-Whitney t test in B, logrank (Mantel-Cox) test for each pair of survival curves 

in C, and two-way ANOVA in D&E. *p≤0.05. 

 From earlier experiments using IFNγ-GREAT mice to track intratumoural production 

of IFNγ (Figure 11), NK cells comprised up to half of immune cells producing IFNγ at the 

earliest measured time points. To determine whether NK-derived IFNγ was important in the 

control of IFNGR1KO tumours specifically, CD45.1 mice were reconstituted with bone 

marrow from CD45.2 donor mice as illustrated in Figure 39A. Specific deletion of IFNγ-

producing NK cells was undertaken in mice reconstituted with 50% IFNγ-/- and 50% 

NKp46iCreR26RDTR (NK-DTR) bone marrow, thereby allowing for deletion of IFNγ-producing 

NK cells via administration of diphtheria toxin. Deletion of NK cells was confirmed by 

observation of a two-fold reduction in tumour-infiltrating NK cells in NK-DTR mice compared 

to WT (Figure 39B). Ideally, an intracellular stain for IFNγ production by these isolated NK 

cells following ex vivo re-stimulation would be more diagnostic in assessing specific deletion. 

However, surface NKp46 could not be detected during intracellular cytokine staining, 

possibly due to receptor downregulation following stimulation. Furthermore, no difference in 

tumour growth was observed between NK-DTR and WT bone marrow chimera mice, which 

reduced the likelihood that NK-derived IFNγ was a significant factor in maintaining tumour 
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control (Figure 39C). Further analysis of tumour-infiltrating immune populations showed no 

differences between the NK-DTR/IFNγKO and WT/IFNγKO bone marrow chimeras (Figure 

39D). Overall, our bone marrow chimera model was either not robust enough to demonstrate 

a significant role for NK-derived IFNγ in the IFNGR1KO tumours, or indeed the biological 

effects were negligible. Future repeats of the model would benefit from functional 

assessment of whether NK cells from NK-DTR/IFNγKO splenocytes retain the ability to 

produce IFNγ ex vivo. 

   
 

Figure 39. Depletion of IFNγ-producing NK cells using bone marrow chimeras. (A) Host C57Bl/6 mice 

expressing the pan leukocyte marker CD45.1 were gamma irradiated at a dose of 10,000 cGy. After 24 hours, 

mice were reconstituted with 1x106 50:50 bone marrow mixtures from WT/IFNγKO mice, or NK-DTR/IFNγKO 

mice. NK-DTR refers to NKp46iCreR26RDTR mice which express the diphtheria toxin receptor under the Ncr1 

promoter. After 52 days, all mice were given 400ng of diphtheria toxin intraperitonially every 3 days thereafter. 

B16-OVA WT or IFNGR1KO tumours were implanted 56 days post-irradiation. (B) Comparison of tumour-

infiltrating NKp46+ cells between WT/IFNγKO or NK-DTR/IFNγKO bone marrow chimera mice. (C) Tumour 

volumes of mice reconstituted with WT/IFNγKO or NK-DTR/IFNγKO bone marrow at experimental endpoint. (D) 

Relative tumour-infiltrating populations gated on live CD45+ cells from flow cytometry analysis. Data is from one 

experiment and show mean with statistical testing performed by non-parametric Mann-Whitney t test in B&C, and 

two-way ANOVA in D. **p≤0.01. 

 

A 

B C D 

Te
tr
am

er
+ 

T c
el

ls

C
D
4+

 T
 c

el
ls

C
D
8+

 T
 c

el
ls

B
 c

el
ls

N
eu

tr
ophils

M
ac

ro
phag

es

M
onocy

te
s

0

10

20

30

40

50

60

%
 o

f 
C

D
4
5
+

WT/IFN -/-

NK-DTR/IFN -/-

W
T/IF

N
γ
-/-

N
K
-D

TR
/IF

N
γ
-/-

0

200

400

600

T
u

m
o

u
r 

V
o

lu
m

e
 (

m
m

3
)

ns



 126 

5.2.5 Tumour-infiltrating monocyte and macrophage populations show distinct 

transcriptional differences between WT and IFNGR1KO tumours 

 We had previously observed changes in the myeloid compartment between WT and 

KO tumours, namely in the monocytes as detected by flow cytometry. We sought to 

determine whether clusters labelled “macrophages” from our scRNAseq dataset differed 

between WT and KO. Indeed, the clusters present in each model appeared to be 

dichotomous, with limited overlap between clusters of cells (Figure 40A). Clusters 1, 2 and 3 

were unique to KO, whereas cluster 0 was derived primarily from WT tumours. A heatmap of 

the top 6 genes representative of each cluster is shown in Figure 40B, although many of the 

genes were not specific to one cluster alone. We used recent literature sources to categorize 

the monocyte and macrophage subsets present in our scRNAseq dataset (Table 3) and 

observed that two of the three KO-specific clusters were likely to be monocyte-like, or pre-

macrophage populations. Categorization of clusters was further validated by observing the 

pattern of expression for canonical genes across the UMAPs (Figure S9).  

 We used the tool monocle for pseudotime trajectory analysis which allowed for 

visualizing of the differentiation path between adjoining clusters from monocytes to 

macrophages. Based on the trajectory, differentiation of monocytes in cluster 6 did not 

proceed linearly to each of the macrophage clusters, but instead showed interconnections 

between them (Figure 40C). Cluster 1 appeared to be central to all other surrounding 

macrophage clusters 0, 4 and 5, with 5 being the most differentiated cluster by pseudotime 

analysis (Figure 40D). Module scoring for transcriptional signatures for previously reported 

TAM populations298 was performed on the entire monocyte/macrophage dataset, which 

would be unbiased by the naming or selection of the clusters. We found that myeloid cells 

from WT tumours showed higher scoring for genes related to both immune regulatory 

functions, as well as angiogenesis within the tumours (Figure 40E&F). This suggests that 

the WT tumours enable for differentiation of more previously annotated or characterized 
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TAMs, whereas the cytokine environment of KO tumours may result in alternative TAM 

phenotypes. 

 

B 

A 
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Figure 40. Analysis of monocyte and macrophage clusters from the scRNAseq dataset. (A) UMAP 

projection of the monocyte/macrophage cell subsets, re-clustered to show differences between WT and 

IFNGR1KO tumours. (B) Heatmap of the top 6 genes differentially expressed between the one cluster compared 

to all other clusters in the subset of cells. Trajectory analysis using the R package monocle3 overlaid on the 

UMAP projection of monocyte/macrophage cell clusters (C) or coloured by pseudotime (D). Pseudotime is an 

abstract measure of how much progress an individual cell has made through the learned trajectory. White 

numbered circle indicates the starting node, and grey numbered circles are ‘leaves’ of the branches which 

represent a unique outcome (i.e., cell fate). Violin plots comparing module scoring of the immune regulatory TAM 

(E) or angiogenic TAM (F) gene signatures, which are listed alongside each graph. 

Table 3. Cluster annotations of the monocyte/macrophage cell subset from scRNAseq. 

Cluster Annotation Proposed functions and/or 
characteristics 

Key genes 

0 Regulatory TAMs 
Immunosuppression of NK cells and 
CD8 T cells 

Spp1, Arg1, Ccl2, Ccl7, 
Hmox1 

1 
Interferon-stimulated 

TAMs 

IFNγ-responsive TAMs  Cxcl9, Cxcl10, Nos2, Il7r 

2 
Tumour-infiltrating 

monocytes 
IFNγ-responsive monocytic cells Ccr2, Lyz2, Ly6c2, Ifitm6, 

Vcan, Fn1 

3 Non-classical 
Monocytes/Pre-
macrophages 

Induction of TAMs, infiltration of 
adjacent tissues 

C1q, Ms4a7, Slamf9 

4 

5 Angiogenic TAMs 
Promotes angiogenesis within the 
tumour; extracellular matrix remodeling 

Vegfa, Adam8, Clec4d, Il7r, 
Bnip3 

Hmox1 

Il7r 

Mrc1 

Pf4 

Spp1 

Trem2 

Vegfa 

Itga4 

E 
Apoe 

Arg1 

C1qa 

Ccl2 

Cd63 

Clec4d 

Cx3cr1 

Gpnmb 

Hilpda 
 

F 
Arg1 

Adam8 

Bnip3 

Mif 

Slc2a1 

C D 
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6 Classical monocytes 
Monocytes from peripheral circulation; 
within circulation of the tumour 
vasculature 

Ace, Gsr, Hp, Il1b, Fn1, 
Nr4a1 

 

 CellChat was used to identify ligand-receptor pairs which are relevant in macrophage 

signalling to other immune populations within the tumour microenvironment. Earlier analysis 

of the dataset had indicated that a majority of the secreted signals were by Ccl chemokine 

signalling. Bubble plots provided a visual comparison of soluble signals which had increased 

signalling in WT compared to KO tumours (Figure 41A&B). We found that signals with the 

highest communication probability were from WT macrophages towards lymphocyte 

populations including Tregs and NK cells. Visual representation of the signal senders and 

receivers by chord diagram also showed that macrophages in WT tumours may be recruiting 

Foxp3 CD4+ Tregs into the tumour to a greater extent than in KO (Figure 41C). In 

comparison, signalling to Tregs in KO tumours was minimal compared to WT.  

 Finally, violin plots comparing chemokine expression between WT and KO for each 

cell subtype were created for an overall view of all chemoattractants present (Figure 41D). 

Higher expression of Ccr2 and Ccr5 in WT Tregs corresponded with higher expression of 

ligands Ccl2 and Ccl7, which were also more highly expressed by WT macrophages. These 

ligand-receptor pairs have shown to support Treg trafficking from lymph nodes309, and 

homing into the tumour.310 

 



 130 

 

 

 

 

 

 

CCL signaling network CCL signaling network

WT IFNGR1KO C 

Ccl12   Ccr2
Ccl2   Ccr2
Ccl3   Ccr1
Ccl3   Ccr5
Ccl4   Ccr5
Ccl5   Ccr1
Ccl6   Ccr1
Ccl6   Ccr2
Ccl7   Ccr1
Ccl7   Ccr2
Ccl9   Ccr1

Cxcl10   Cxcr3
Cxcl16   Cxcr6
Cxcl9   Cxcr3

Spp1   (Itga4 Itgb1)
Spp1   (Itga5 Itgb1)
Spp1   (Itgav Itgb1)
Spp1   (Itgav Itgb5)

Spp1   Cd44
Tnf   Tnfrsf1a
Tnf   Tnfrsf1b

M
a
c
ro
p
h
a
g
e
  
 
 C
D
8
 T
 c
e
ll
s
 (
W
T
)

M
a
c
ro
p
h
a
g
e
  
 
 C
D
8
 T
 c
e
ll
s
 (
K
O
)

M
a
c
ro
p
h
a
g
e
  
 
 S
te
m
 l
ik
e
 T
 c
e
ll
s
 (
W
T
)

M
a
c
ro
p
h
a
g
e
  
 
 S
te
m
 l
ik
e
 T
 c
e
ll
s
 (
K
O
)

M
a
c
ro
p
h
a
g
e
  
 
 C
D
4
 F
o
xp
3
 T
re
g
s
 (
W
T
)

M
a
c
ro
p
h
a
g
e
  
 
 C
D
4
 F
o
xp
3
 T
re
g
s
 (
K
O
)

M
a
c
ro
p
h
a
g
e
  
 
 N
K
 c
e
ll
s
 (
W
T
)

M
a
c
ro
p
h
a
g
e
  
 
 N
K
 c
e
ll
s
 (
K
O
)

M
a
c
ro
p
h
a
g
e
  
 
 M
a
c
ro
p
h
a
g
e
 (
W
T
)

M
a
c
ro
p
h
a
g
e
  
 
 M
a
c
ro
p
h
a
g
e
 (
K
O
)

M
a
c
ro
p
h
a
g
e
  
 
 c
D
C
1
 (
W
T
)

M
a
c
ro
p
h
a
g
e
  
 
 c
D
C
1
 (
K
O
)

M
a
c
ro
p
h
a
g
e
  
 
 c
D
C
2
 (
W
T
)

M
a
c
ro
p
h
a
g
e
  
 
 c
D
C
2
 (
K
O
)

M
a
c
ro
p
h
a
g
e
  
 
 m
R
e
g
 D
C
s
 (
W
T
)

M
a
c
ro
p
h
a
g
e
  
 
 m
R
e
g
 D
C
s
 (
K
O
)

p value

p   0.05

p   0.01

min

max

Commun. Prob.

Increased signaling in KO

Ccl12   Ccr2
Ccl2   Ccr2
Ccl3   Ccr1
Ccl3   Ccr5
Ccl4   Ccr5
Ccl5   Ccr1
Ccl6   Ccr1
Ccl6   Ccr2
Ccl7   Ccr1
Ccl7   Ccr2
Ccl9   Ccr1

Cxcl10   Cxcr3
Cxcl16   Cxcr6
Cxcl9   Cxcr3

Spp1   (Itga4 Itgb1)
Spp1   (Itga5 Itgb1)
Spp1   (Itgav Itgb1)
Spp1   (Itgav Itgb5)

Spp1   Cd44
Tnf   Tnfrsf1a
Tnf   Tnfrsf1b

M
a
c
ro
p
h
a
g
e
  
 
 C
D
8
 T
 c
e
ll
s
 (
W
T
)

M
a
c
ro
p
h
a
g
e
  
 
 C
D
8
 T
 c
e
ll
s
 (
K
O
)

M
a
c
ro
p
h
a
g
e
  
 
 S
te
m
 l
ik
e
 T
 c
e
ll
s
 (
W
T
)

M
a
c
ro
p
h
a
g
e
  
 
 S
te
m
 l
ik
e
 T
 c
e
ll
s
 (
K
O
)

M
a
c
ro
p
h
a
g
e
  
 
 C
D
4
 F
o
xp
3
 T
re
g
s
 (
W
T
)

M
a
c
ro
p
h
a
g
e
  
 
 C
D
4
 F
o
xp
3
 T
re
g
s
 (
K
O
)

M
a
c
ro
p
h
a
g
e
  
 
 N
K
 c
e
ll
s
 (
W
T
)

M
a
c
ro
p
h
a
g
e
  
 
 N
K
 c
e
ll
s
 (
K
O
)

M
a
c
ro
p
h
a
g
e
  
 
 M
a
c
ro
p
h
a
g
e
 (
W
T
)

M
a
c
ro
p
h
a
g
e
  
 
 M
a
c
ro
p
h
a
g
e
 (
K
O
)

M
a
c
ro
p
h
a
g
e
  
 
 c
D
C
1
 (
W
T
)

M
a
c
ro
p
h
a
g
e
  
 
 c
D
C
1
 (
K
O
)

M
a
c
ro
p
h
a
g
e
  
 
 c
D
C
2
 (
W
T
)

M
a
c
ro
p
h
a
g
e
  
 
 c
D
C
2
 (
K
O
)

M
a
c
ro
p
h
a
g
e
  
 
 m
R
e
g
 D
C
s
 (
W
T
)

M
a
c
ro
p
h
a
g
e
  
 
 m
R
e
g
 D
C
s
 (
K
O
)

Increased signaling in WTA B 



 131 

 

Figure 41. Identifying soluble ligand-receptor interactions within the monocyte/macrophage scRNAseq 
subsets. Bubble plots from CellChat analysis showing increased signalling of soluble ligand-receptor pairs in WT 

(A), or KO tumours (B), based on signals sent by monocytes/macrophages to all other cell types. Colour of the 

bubbles corresponds to the communication probability, which is calculated depending on ligand and receptor 

expression levels of senders (i.e., monocytes/macrophages) and receivers. (C) Chord diagrams showing signal 

senders and receivers of Ccl family chemokines, where each cell type forms an independent outer arc and 

colour. Thinner, inside arcs represent the targets receiving signal from the corresponding outer arc. (D) Violin 

plots showing the expression of C- and CXC-type chemokines for each cell cluster in the dataset. Data is scaled 

per row for expression. 

 

5.2.6 Validation of scRNAseq macrophage phenotypes in B16-OVA WT and IFNGR1KO 

TAMs 

 To validate our observations from the scRNAseq data set on the major differences in 

myeloid cells between WT and IFNGR1KO tumours, a 22-colour myeloid-centric flow 

cytometry panel (detailed in Table S4.) was tested on immune cells isolated from the tumour. 

Data was gated on CD11b+ and subsampled for analysis of an equal number of cells per 

tumour model. opt-SNE dimensionality reduction was performed to create a visual 

comparison of the datasets (Figure 42A). WT tumours showed a higher cell density within 

D 
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the metaclusters 1 and 14, which were F4/80hi, CD206hi clusters found within the dataset 

likely to be TAMs (Figure 42B). Myeloid cells from KO tumours were concentrated in 

clusters 2, 6 and 13, which were Ly6Chi, CX3CR1hi, and CD86+, which were indicative of an 

inflammatory monocyte-like phenotype. Markers chosen from the panel were overlaid on the 

opt-SNE plots to identify cell subsets by surface protein expression (Figure 42C). Due to 

limitations of fluorochrome compatibility and staining only for surface-expressed proteins, it 

was not possible to determine the subtypes of TAMs or tumour-infiltrating monocytes 

present with the same detail as in RNA analysis. 
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Figure 42. High dimensional flow cytometry analysis of CD11b+ infiltrating cells in B16-OVA WT or 
IFNGR1KO tumours. (A) opt-SNE plots of live CD45+ immune cells gated on CD11b+ cells, analysed from a 22-

colour Cytek Aurora flow cytometry panel using the OMIQ software platform. Each plot contains an equivalent 

number of cells downsampled from WT (6 tumours, from n=3 mice) and IFNGR1KO (5 tumours, from n=3 mice). 

Plots are coloured by FlowSOM metaclustering which determines the optimal number of nodes which best 

describe the dataset. (B) Relative percentages of cells in each metacluster. Two-way ANOVA was used for 

statistical analysis, **p≤0.01, ***p≤0.001. (C) opt-SNE plots by continuous colour scale where each marker is 

represented by an independent scale. Highest expression in the dataset is shown by red, and lowest expression 

in blue. Data are from one experiment. 

 We also followed up on scRNAseq data which showed that Trem2 expression was 

higher in macrophages clusters from WT tumours compared to KO (Figure 43A). TREM2 

has recently been described as a marker of immunosuppressive TAMs, and TREM2-

blockade appears to improve preclinical tumour models.311 We analysed TREM2 expression 

by flow cytometry of macrophages, identified as a CD11b+/F4/80+/MHC-II+ population in both 

WT and IFNGR1KO tumours, and found expression was indeed higher in WT tumours 

(Figure 43B). Using the 22-colour panel which was better able to identify macrophage 

populations by inclusion of multiple markers, we found that CD11b+/F4/80/MHC-II+ 
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macrophages were more abundant in KO than WT tumours, along with elevated monocytes 

(Figure 43C). We also measured the relative abundance of TAM subsets gated on 

CD11b+/F4/80+/MHC-II+ macrophages which may be indicative of more M1 pro-inflammatory 

phenotypes (i.e., CD86, CD68 or CX3CR1 expression) or M2 pro-tumourigenic phenotypes 

(i.e., TREM2, CD206, or CD163 expression) (Figure 43D). Overall, IFNGR1KO tumours 

showed higher relative infiltration of CD86+/CX3CR1+ TAMs, and lower relative infiltration of 

CD206+/CD163+ TAMs.  

Figure 43 . Experimental validation of tumour-associated macrophage phenotypes from WT or IFNGR1KO 

tumours. (A) Violin plot for Trem2 expression from the scRNAseq dataset, by monocyte/macrophage cluster. (B) 

Surface TREM2 expression on tumour-associated macrophages (MHC-II+/CD11b+/F4/80+) as measured by flow 

cytometry. (C) Relative proportions of myeloid populations found in WT or IFNGR1KO tumours, using the 22-

colour spectral flow cytometry panel. Gating strategies are shown in Figure S10. (D) Expression of M1 or M2 

markers gated on tumour-associated macrophages. Data are from one experiment, and show mean with 

statistical testing performed by non-parametric Mann-Whitney t test in B, and two-way ANOVA in C&D. *p≤0.05, 

**p≤0.01, ****p≤0.0001. 

A B 
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5.3 Discussion and conclusion 

5.3.1 Current limitations and strengths of single-cell analysis in our model 

 The exploratory nature of single-cell analysis meant that it could be used as a tool for 

hypothesis generation when it was not clear which cell subset contributed most to our in vivo 

phenotype. In our dataset, analysing signalling networks was highly useful in discovering 

ligand-receptor interactions which may be altered in immune cells when IFNγ-signalling is 

absent on tumour cells. Bioinformatic tools such as CellChat provided insight on the 

significance of macrophage-dependent signalling, which was not immediately apparent at 

the conclusion of the first results chapter. Finding that IFNγ-signalling pathways were more 

transcriptionally prominent in KO tumours also lent confidence to our experimental model, 

and shed light on how increased IFNγ could influence other immune cell populations. 

Ultimately, the single-cell experiment led us to form hypotheses surrounding myeloid cells 

rather than CD8+ T cells or NK cells which are traditionally thought of as being the most 

influential in anti-tumour response. Instead, it appears that IFNγ significantly alters the 

myeloid landscape which we hypothesize may enable better CD8+ T cell responses.  

 The main limitation of scRNAseq for our study was low sequencing throughput during 

sampling, meaning that we lose resolution of rare transcripts and signalling pathways, or cell 

populations which are low in abundance. As a result, non-immune components such as 

stromal, endothelial, or tumour cells themselves could not be sequenced in the same 

experiment. As these cell types are significant responders of IFNγ which can lead to 

suppression of angiogenesis312,313 or tumour cell senescence.164,314 Bulk or single-cell 

sequencing on these non-immune cell types would allow for a more complete picture of the 

tumour models as a whole.  

 

5.3.2 The CD8-macrophage axis of anti-tumour immunity 

  T cell and TAM cooperation have been found in human tumours which are 

responsive to immune checkpoint blockade.315,316 Unexpectedly, the transcriptomic data 
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indicates that IFNGR1KO tumours are capable of maintaining a pro-inflammatory tumour 

microenvironment, supported by the presence of Nos2-expressing monocytes. There is 

evidence that a IFNγ-rich environment induces a tumouricidal macrophage phenotype which 

is driven by nitric oxide production.317,318 This may be an MHC-I-independent, IFNγ-

dependent mode of tumour control in our IFNGR1KO model where CD8+ T cells play an 

important role in sustaining a pro-inflammatory microenvironment.  

 Conversely, TAM-T cell interactions have also been shown to re-enforce independent 

immunosuppressive mechanisms.319 Although exhausted T cells are thought to be 

functionally limited in the tumour microenvironment, recent studies show that TAMs can 

prime CD8+ T cells for exhaustion in an antigen-dependent manner via prolonged synapses 

in the tumour microenvironment. Apoehi, Ms4a7hi, and proliferating macrophages 

preferentially occupied the interior regions of the TME along with exhausted T cells. Other 

groups have previously reported similar patterns where different TAM subtypes occupy the 

tumour centre versus the invasive margin.320 In our model where antigen presentation by 

tumour cells is disparate, we aim to investigate whether CD8+ T cells are finding alternate 

sources of antigen stimulation which may enhance or diminish the overall anti-tumour 

response. Ideally, confocal microscopy will be used to show colocalization of TAM and CD8+ 

populations on existing tumour sections from previous chapters. 

 

5.3.3 Future directions on TAMs in the IFNGR1KO tumour model 

 Our dataset shows significant bifurcation of monocyte-macrophage subsets between 

B16-OVA WT and IFNGR1KO tumours. However, it is not known whether IFNγ itself is the 

factor which causes this difference. In chapter 3.2.1, harvested tumour supernatants 

contained higher concentrations of IFNγ in KO tumours versus WT. Future experiments will 

focus on whether these supernatants are capable of differentiating bone marrow and blood 

murine monocytes in vitro, as well as the macrophage phenotypes which ensue.  

 Furthermore, it is not clear in vivo whether KO tumours have higher abundance of 

monocytic populations due to increased chemoattraction of peripheral monocytes from 
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circulation, or reduced differentiation into macrophages due to the cytokine 

microenvironment present in the tumour. Transwell assays using tumour supernatants will 

be useful in determining the relative chemoattractant properties present in each model, as 

WT tumours showed higher transcription of chemokines such as Ccl2 and Ccl7. In both 

differentiation and migration assays, blocking antibodies (e.g., against IFNγ or CXCL9) 

would be a simple and viable strategy in vitro to determine the effects of a specific 

chemokine or cytokine in question. Ultimately, finding a candidate soluble factor which 

modulates monocyte or macrophage function would support a novel mechanism by which 

control of IFNGR1KO tumours depend on myeloid differentiation or migration.  
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5.4 Appendix 

Table S4. Cytek Aurora panel for staining of myeloid populations.  

Peak 
Channel Fluorochrome Marker 

 
Clone 

 
Manufacturer 

 
Cat. No. 

 
Dilution (1:X) 

UV2 Spark387 CD11c 53-6.7 Biolegend 100798 400 

UV6 Zombie UV -- -- Biolegend 423108 1000 

UV9 BUV615 B220 RA3-6B2 eBioscience 366-0452-82 200 

UV10 BUV661 CD4 RM4-5 eBioscience 376-0042-82 200 

UV14 BUV737 CD44 IM7 eBioscience 367-0441-82 400 

UV16 BUV805 CD45 30-F11 eBioscience 368-0451-82 400 

V1 BV421 CD206 C068C2 Biolegend 141717 200 

V3 PB Ly6G 1A8 Biolegend 127612 800 

V10 BV605 CD86 GL-1 Biolegend 105037 200 

V11 BV650 PD-L1 10F.9G2 Biolegend 124333 400 

V13 BV711 CD62L MEL-14 Biolegend 121439 200 

V15 BV785 F4/80 BM8 Biolegend 123115 200 

B2 ZsGreen Tumour GK1.5 Biolegend 124334 400 

B10 PerCP-Vio770 CD68 FA-11 Miltenyi Biotec 130-102-926 20 

YG1 PE TREM2 237920 R&D Systems FAB17291P 200 

YG3 mCherry Tumour -- -- -- -- 

YG9 PE-Cy7 CD163 S15049I Biolegend 155320 200 

R1 APC Ly6C HK1.4 Biolegend 128015 400 

R2 AF647 NKp46 29A1.4 Biolegend 137628 100 

R4 AF700 MHC-II M5/114.15.2 Biolegend 107621 400 

R7 APC/Cy7 CX3CR1 SA011F11 Biolegend 149048 200 

R8 APC-Fire810 CD11b M1/70 Biolegend 101288 400 
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Figure S7. Heatmap of genes expressed by the subset of CD8+ T cell clusters.   

 

 

Figure S8. Comparison of the number of interactions between immune cells from WT and IFNGR1KO 

tumours for each cell-cell communication database in CellChat. 
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Figure S9. Visualization of genes expressed by different myeloid subsets by row, overlaid onto UMAP 

projections. Colours indicate relative expression per gene. 
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Figure S10. Gating strategy for flow cytometry data of tumour-infiltrating immune cells stained with the 

Cytek Aurora myeloid panel in Table S4. 
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General Discussion and Conclusion 

 In this thesis, we explored the role of IFNγ in shaping the tumour microenvironment, 

and how loss of IFNγ-signalling on the side of the tumour affects disease control over time. 

In chapter 3, we established an IFNγ-insensitive tumour model by ablating IFNGR1 

expression on B16F10 melanoma, and began to phenotype the immune response and 

changes to the anti-tumour response which ensued. Unexpectedly, the tumour volumes 

remained equal over time in animals bearing WT or IFNGR1KO tumours, indicating that loss 

of IFNγ-stimulated gene expression such as MHC class I expression did not overly impact 

mechanisms of tumour control in this model. Following this, we observed in chapter 4 that 

mixing of the two cell types prior to injection restored the immune escape phenotype 

whereby IFNGR1KO cells would outgrow WT cells over time in immunocompetent mice. 

Implantation of these tumours in mice deficient in CD8ɑ+ cells or IFNγ production resulted in 

loss of the escape phenotype, indicating that the phenomenon was driven by immune 

selection. This ultimately gave us a model which recapitulates more closely the mechanisms 

which may be resulting in primary immune escape of tumour immunity in clinical settings.  

 Lastly, we utilized scRNAseq in an unbiased manner to identify the cell types and 

signalling pathways which may differ from loss of IFNγ-sensitivity by tumour cells. We found 

that although multiple immune cell subsets were altered, we were able to validate phenotypic 

changes to the tumour-associated macrophage populations with preliminary flow cytometry 

studies. In the future, we aim for follow-up these studies primarily with monocyte 

differentiation assays in vitro using tumour supernatants, and functionally determining 

whether macrophages play a role in altering CD8+ T cell-dependent anti-tumour immunity. 

 

6.1 Assessing T cell avidity in the control of MHC class I-low tumours 

 We initially hypothesized that WT tumours would be more immunogenic than 

IFNGR1KO tumours based on differences in MHC-I expression which would enable CD8+ T 

cell-dependent cytotoxicity. However, as overall tumour control appeared to be equal in both 
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models, alternative mechanisms must be at play. Although PD-L1 levels are also 

significantly different between WT and KO cells, we and others who have tested anti-PD-1 or 

anti-PD-L1 checkpoint blockade in B16F10 have observed that the model is not responsive 

to monotherapy. Hence, PD-L1 expressed by the tumour (or other immune cells) is not likely 

to be the primary immunosuppressive factor which hinders CD8+ T cell cytotoxicity. 

 From the scRNAseq data, it is evident that CD8+ TILs from KO tumours are not 

dormant, and can actively produce effector molecules. Furthermore, tumours implanted into 

the CD8KO mice also demonstrated that CD8+ T cell immunity is not easily substituted in 

either tumour model, and readily impacts the infiltration of all other immune populations. One 

interpretation of how tumour control is achieved in the IFNGR1KO model is that CD8+ T cells 

may be capable of adapting to MHC-I-low target cells. Higher TCR avidity is able to respond 

to lower antigen doses (i.e., fewer MHC-I molecules)321, and studies have also shown that 

higher avidity T cells confer greater tumour eradication.322 Furthermore, it has been 

demonstrated in vitro that priming of T cells with low dose peptide enabled greater 

sensitization towards targets loaded with >100-fold less peptide than T cells primed with high 

dose peptide.323 Taken together, these observations make it plausible that priming with lower 

antigen doses, combined with IFNγ accumulation in the tumour, may result in more 

functional and higher avidity tumour-specific T cells in IFNGR1KO tumours compared to WT. 

 Although we have used tetramers to identify and quantify OVA-specific T cells, 

tetramer-TCR interactions are inaccurate measures of T cell avidity due to dependence on 

the physiological state of the T cells at the time of staining and variability in staining 

conditions.324 Instead, our lab has previously used a platform called z-Movi analyser by 

Lumicks to measure functional TCR avidity using applied acoustic force. The system binds 

target cells (antigen-pulsed APCs, or tumour cells) onto a chip, and T cells are co-incubated 

on top. The rate at which T cells become unbound is measured after acoustic force is 

applied at increasing intervals, which allows the avidity to be inferred.268 Ensuring pure cell 

populations isolated from the tumour samples would be important, and avidity 

measurements using OT-I T cells or B16 cell lines serve as benchmarks in our experiments.  
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 If T cells from WT and KO tumours show no difference in their avidity, then the 

importance of other factors such as T cell trafficking and recruitment, or immunosuppression 

by myeloid populations, become increasingly important. ‘Double-implantation’ experiments 

(i.e., implantation of WT and KO tumours on separate flanks of the same animal), described 

in the next section, would be helpful in elucidating mechanisms in the TME intrinsic to each 

tumour model. 

 

6.2 Using a double-implantation model of WT and IFNGR1KO tumours to study the 

role of IFNγ in lymph node dynamics, T cell trafficking and bystander T cells in cancer 

immunology 

 A model we have not yet explored is whether implantation of WT and IFNGR1KO 

tumours as separate tumours in the same animal would result in both tumours growing 

equally, or regression of one tumour and outgrowth of the other. This ‘double-implantation’ 

model would provide insight into whether the local tumour microenvironments can be 

retained if both tumours share the same systemic immune response (Figure 44). 

Interestingly, we have several distinct biomarkers, such as the tetramer MFI, increase in pro-

inflammatory macrophages, or accumulation of IFNγ, which are specific to IFNGR1KO 

tumours. It would be of interest to determine which of these observations are intrinsic to the 

tumour microenvironment itself, or is lost to peripheral systemic effects.  
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Figure 44. Overview of double-implantation experiments. A combination of tumour antigens, transgenic T 

cells which recognize tumour antigens, and fluorochromes used to track distribution of tumour antigens can be 

used in the proposed model. Tumour-intrinsic factors which affect immune responses can be evaluated via 

analysis of the tumours themselves, or tumour-extrinsic factors which take place in peripheral lymphoid organs 

may be of interest. 

 

 Although our cross-priming model was unable to determine whether cross-priming 

was affected by IFNγ-resistant tumours, we nevertheless observe significant infiltration of T 

cells in both WT and IFNGR1KO tumours, indicating that there is no overt dysfunction in 

priming in one model compared to the other. Interestingly, we may be able to use the 

double-implantation model to study whether local tumour-draining lymph nodes which are 

more closely located to the site of implantation also experience changes. Human clinical 

studies which sampled lymphocytes from regional lymph nodes of patients with melanoma or 

breast cancer showed that cells closer to the tumour were less responsive to thymidine 

uptake or IL-2 production upon stimulation than those further away.325 More recent studies 

have shown that an IFNγ transcriptional signature found within the tumour-draining lymph 

nodes of melanoma patients also result in an increase in PD-L1+ DCs.326 Intriguingly, these 

may or may not be phenotypically similar to the immunoregulatory DC phenotype reported 

by Maier et al., which also confer reduced tumour antigen uptake in mice and humans.58 It 

would be interesting to explore whether the IFNγ-high environment of IFNGR1KO tumours 

extend to the tdLNs, and whether cells such as DCs which traffic between the tumour and 

tdLNs experience improved antigen presentation functions or costimulatory properties. At 

present, our scRNAseq data analysis of pathways upregulated by intratumoural immune 
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cells (in chapter 5.2.1) appears to support the hypothesis that APCs from IFNGR1KO 

tumours may be better at presenting tumour antigen, as IFN-response pathway genes are 

differentially expressed. Furthermore, if WT and IFNGR1KO tumours are tagged with 

different fluorescent proteins, then drainage of tumour-specific antigens to distal sites may 

also be tracked by flow cytometry or microscopy. 

 Trafficking of T cells to the tumour and subsequent infiltration into the tumour bed is 

an indispensable component of the anti-tumour response. As efficacy of immunotherapies 

against solid cancers continue to improve, understanding factors which overcome 

immunosuppression and enable T cell infiltration is of significant clinical interest.327 

Furthermore, this is not limited to trafficking of endogenously responding T cells as 

genetically engineered T cell therapies also face the same T cell-limiting mechanisms upon 

transfer into the host.328 Analysis of our scRNAseq data using CellChat supports our 

hypothesis that differential expression of chemokine ligands and receptors exists between 

WT and IFNGR1KO tumours, which may be shaped by IFNγ-dependent signalling. We aim 

to assess relative chemoattractive properties inherent to each tumour model using double-

implantation of OVA-expressing WT and IFNGR1KO tumours into CD45.1 hosts, followed by 

transfer of activated CD45.2 OT-I CD8+ T cells after establishment of palpable tumours 

(Figure 45). Within the same host, activated OT-I CD8+ T cells would home to the tumours 

directly without requiring T cell priming. Furthermore, dye-labelled OT-I T cells may also be 

used to track relative differences in proliferation which would be indicative of antigen-

dependent stimulation in each tumour. Although endogenous T cells may play a role in 

activation of OT-I T cells in these scenarios, aiming to study the immediate effects of antigen 

stimulation at shorter time scales (i.e., 24- or 48-hours post-transfer) would provide a more 

accurate representation of antigen-dependent stimulation. 
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Figure 45. Schemata for tumour-specific T cell transfer experiments into the double-implantation model. 

 

 Lastly, recent studies have identified many TILs to be ‘bystander’ in the sense that 

they do not respond to tumour itself, but are recruited to the tumour regardless of antigen-

specificity. 329,330 In human tumours, cancer-non-specific T cells comprise vary from 20-80% 

of all tumour-infiltrating T cells, dependent on the tumour type and method of detection.331 In 

murine models, transfer of an activated mixture of tumour-specific and non-specific CD8+ T 

cells showed that both populations were capable of infiltrating the tumour at comparable 

levels.332 For our double-implantation model, expressing a different tumour-specific antigen 

such as gp33 and ovalbumin in each tumour independently would allow for tracking of T cell 

responses within the same animal (Figure 46). Initially, double-implantation of the same 

tumour (i.e., both WT, or both IFNGR1KO) would be used to track whether gp33-specific T 

cells infiltrate an OVA-expressing tumour, and vice versa. As this would be our baseline 

bystander infiltration when both tumours are the same, implantation of a WT tumour in one 

flank and KO tumour in the other would allow us to determine whether preferential 

recruitment of tumour-specific and non-specific T cells occurs in either tumour. Furthermore, 

the transfer of P14 (gp33-specific) or OT-I (OVA-specific) T cells described previously would 

allow us to differentiate endogenously primed T cells versus recent T cell infiltrates. 

Ultimately, this experimental system would be a useful tool in exploring whether IFNγ-

dependent signalling by the tumour changes chemoattractant properties of the tumour 

microenvironment. The use of Rag2-/- mice which lack T and B cells as a host would also be 
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useful in isolating tumour-intrinsic properties which are not influenced by endogenous T or B 

cell responses. 

 

Figure 46. Schemata for double-implantation of tumours expressing different antigens. 

 

6.3 Predicting the mechanisms which result in immune escape of the admixed model 

 The main caveat of using IFNGR-deficient models is that human tumours do not start 

with a pool of IFNγ-resistant cells. Instead, these mutations are acquired over time alongside 

immune selective pressure, which calls into question whether utility of these murine models 

are recapitulating the same mechanisms of immune escape. We and others who have 

ablated IFNγ-signalling in B16F10 melanoma through deletion of IFNGR1 or IFNGR2 have 

observed similar findings in that tumour growth was largely unaffected, or 

suppressed.105,241,243 A recently published meta-analysis showed a significant difference in 

the conclusions between in vitro and in vivo models, where CRISPR screens were used to 

investigate the impact of IFNγ on anti-tumour immunity.333 Alteration of IFNγ-signalling in 

vivo and in vitro had seemingly opposing effects; whereas 17/19 in vitro immune and tumour 

cell co-cultures indicated positive selection of IFNγ-signalling mutations, only 3/14 in vivo 

tumour screens showed similar findings following host immune pressure. A review of these 

in vivo CRISPR screens indeed supports the finding that mutations in IFNγ-signalling 

sensitizes tumours to the host immune system. Consequently, there is a pressing need to 

identify more clinically relevant animal models than previously anticipated. 
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 Our admixed model is unique in that it spontaneously exhibits an immune escape 

dynamic, and allows us to perturb the model to study one component of the immune 

response at a time. Given a model such as B16F10 which is notorious for its variability in 

tumour growth334,335, the reliability and reproducibility by which the cell segregation and 

escape of KO cells occurs is somewhat remarkable. Cell competition theory dictates that 

fitter cells would outcompete less-fit cells when they share the same resources, if the 

mechanism for competition was cell-intrinsic (e.g., carrying a mutation in a gene).336 From 

our CD8KO and IFNγKO experiments, we were able to determine that outgrowth of KO cells 

was not cell-intrinsic or self-selecting, and indeed requires immune selection through IFNγ. 

However, it is not obvious which IFNγ-dependent mechanisms are enabling the phenotype.  

 The observation that the escape phenotype requires more than 7 days to develop 

indicates that WT cells are not targeted and cleared at early timepoints immediately following 

implantation. Tumour cells likely receive IFNγ stimulation much earlier, as IFNγ-EYFP+ T 

cells were found in abundance in the tumour as early as day 7. This implies that IFNγ-

dependent suppression of WT cell proliferation is not sufficient, since the tumour was still 

50/50 WT and KO at day 7. In chapter 4.2.5, quantifying the proportion of OVA-specific T 

cells infiltrating into IFNγKO tumours demonstrates that it is likely CD8+ T cell function that is 

hindered in the absence of IFNγ, as priming and/or recruitment of T cells appears unaffected 

by the lack of IFNγ. 

 One major question for the admixed model is whether IFNGR1KO cells are 

outgrowing WT due to inhibition of WT proliferation, or induction of WT cell death. Using the 

proliferation marker Ki-67 and cleaved caspase-3, a marker of apoptosis, we aim to measure 

the proportion of cells undergoing proliferation or cell death by microscopy or flow cytometry. 

What we would expect to see experimentally is highlighted in Figure 47. We hypothesize 

that WT and KO tumours would result in the same levels of proliferation and/or apoptosis as 

their tumour growth is the same in independent animals. In the admixed model, if the 
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proportion of proliferating cells is the same, then this would likely indicate more WT cells are 

dying over time to allow KO cells to overtake the tumour. 

 

Figure 47. Proposed patterns of tumour cell proliferation and cell death in the tumour models previously 

tested.  

 

 Because these experiments do not ultimately point to a cell population which may be 

modulating tumour cell apoptosis in the admixed tumours, immunophenotyping of the anti-

tumour response from day 7, before the admixed tumours change, and after, at day 14 and 

beyond, may give an indication of immune populations which have changed over time. 

Following the hypothesis where TAM populations are modulated by the local IFNγ 

concentrations present in the tumour, comparing TAM signatures in admixed tumours to 

WT:WT and KO:KO controls may also be indicative of whether TAMs are involved in the 

escape phenotype. Based on our hypothesis that monocyte and macrophage populations 

are vastly altered by the presence of IFNGR1KO tumour cells which cannot sequester IFNγ, 

we aim to first deplete monocytes by antibody, or macrophages by liposome-encapsulated 

clodronate.337,338 These experiments aim to determine whether we may be able to relate our 

findings from scRNAseq to the immune escape phenotype observed in the admixed model.  
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6.4 Thesis outlook and conclusion 

 There are many more questions raised in the data presented in this thesis owing to 

the complexity of the models present by our group, and others, which are not fully 

understood. The main questions to be answered would likely require a model responsive to 

checkpoint blockade, as the key pathways which enable therapy success remain unclear for 

all patients. Recent studies have also demonstrated that ICB likely operates within a 

therapeutic window; too little of a response can result in failure of disease control, and too 

much of a response can trigger unwanted regulatory mechanisms. Even so, it has been 

shown that immunotherapy-resistant models can be useful for finding pathways which are 

amenable to alternative treatments. Furthermore, there are no standards of treatment at the 

moment which utilizes a strategy of switching treatment regimens once acquired resistance 

develops. Understanding which immune cells to target, and how to eliminate clones such as 

those which are IFNγ resistant, would allow these patients to overcome immunotherapy 

resistance.  

 At present, we have managed to identify a novel tumour model which we hope to use 

in order to understand the main questions relevant for clinical applications. The strength of 

this model is that we may study the causality between IFNγ resistance and loss of anti-

tumour immunity, especially as technologies are advancing in the field of functional 

genomics. It is our hope that our work, as well as the work of others, may be able to bridge 

this gap in the near future. 
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