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Abstract 
 
In addition to its role in protecting the body from infection, the immune system 
can prevent the development of cancer in a process termed tumour immune 
surveillance. During this process, immune cells can either recognise and 
completely eliminate cancerous cells, or can suppress the outgrowth of malignant 
cells without completely eradicating them. This latter mode of control, designated 
‘cancer-immune equilibrium’, can be sustained for extended periods of time in a 
manner dependent upon adaptive immune cells such as T cells. The vast majority 
of human cancers are spawned from epithelial tissues. However, long-lived CD8+ 
circulating memory T (TCIRC) cells such as effector memory T (TEM) cells and 
central memory T (TCM) cells are typically excluded from epithelial tissue 
compartments in the absence of robust inflammation. In contrast, CD8+ tissue-
resident memory T (TRM) cells are a population of non-migratory immune cells 
that permanently occupy epithelial tissue sites without recirculating. CD8+ TRM 
cells provide efficacious protection against peripheral viral and bacterial 
infections and have recently been identified in a variety of human solid tumours, 
where they associate with improved disease outcome. However, a direct role for 
TRM cells in promoting natural immunity to cancer has yet to be demonstrated. In 
this thesis, we examined the contribution of CD8+ TRM cells to peripheral cancer 
immune surveillance and the mechanisms through which these cells protect 
against tumour progression. 
 
In order to study the peripherally localised anti-tumour immune response, we 
developed and characterised an orthotopic epicutaneous (e.c.) model of 
melanoma in mice that targets tumour growth to the outermost layers of skin. We 
found that a portion of mice receiving tumour cells e.c. remained free of 
macroscopic cancer long after inoculation, in a manner that depended upon 
immune cell mediated control. Spontaneous protection from progressive tumour 
development was associated with the formation of melanoma-specific 
CD69+CD103+ CD8+ skin TRM cells, whereas mice genetically deficient in TRM cell 
formation were highly susceptible to tumour growth. Importantly, tumour-specific 
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skin TRM cells could protect against tumour development independently of TCIRC 
cells.  
 
Closer inspection of macroscopically tumour-free mice revealed that many 
harboured occult melanoma cells in their skin long after e.c. inoculation. These 
dormant melanoma cells were retained in the epidermis, where they were 
dynamically surveyed by tumour-primed CD8+ skin TRM cells. Ablation of skin TRM 
cells from macroscopically tumour-free mice that were initially protected from 
tumour development triggered late-stage tumour outgrowth, demonstrating that 
CD8+ TRM cells can suppress cancer progression by promoting a state of 
subclinical cancer-immune equilibrium. Further, our findings suggest that the 
cytokine tumour necrosis factor (TNF) may play a role in the induction and 
maintenance of this equilibrium state. 
 
Overall, we show that CD8+ TRM cells contribute to immune surveillance of 
peripherally localised cancers by upholding tumour-immune equilibrium. As such, 
our findings elucidate how cancers arising in epithelial compartments are subject 
to long-term and ongoing immune suppression. Collectively, our work provides 
critical insight and the impetus necessary to exploit CD8+ TRM cells as targets of 
cancer immunotherapies in order to improve solid cancer treatments in patients. 
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Chapter 1: Introduction 
 
1.1 The immune system 
 
1.1.1 Innate immune cells 
 
The immune system is comprised of a diverse network of cells and factors that 
have evolved to combat the myriad of pathogens found in the environment and 
to maintain normal tissue homeostasis. Immune cells are critical for detecting 
abnormal cells and for sensing and defeating bacteria and viruses that effectively 
bypass physical tissue barriers. Cells of the immune system belong to one of two 
major arms: the innate and adaptive immune compartments. 
 
Innate immune cells are characterised by their ability to sense foreign pathogens 
or abnormal cells in a relatively non-specific fashion and their rapid execution of 
effector functions. Cells of the innate immune system include phagocytes such 
as macrophages and dendritic cells (DCs) that detect foreign material by sensing 
conserved pathogen or danger associated molecular patterns (PAMPs/DAMPs) 
via pathogen recognition receptors (PRRs) (1, 2). These cells constantly sample 
their environment to serve as specialised antigen presenting cells (APC) that 
express both Major Histocompatibility Complex I (MHCI) and MHCII, and are 
capable of activating and regulating the adaptive immune compartment. DCs are 
particularly equipped for processing of exogenous antigen into peptides for 
presentation to naïve T cells in order to generate an adaptive immune response 
(3-5). Initially existing in an ‘immature’ or inactive state, DCs constitutively 
populate peripheral tissue sites where they can become activated by foreign 
stimuli and/or cytokine signalling molecules. This in turn triggers their migration 
via afferent lymphatics to secondary lymphoid organs (SLOs) such as the spleen 
and lymph nodes (LNs), as well as their expression of costimulatory molecules 
and cytokines necessary to elicit T cell activation (6-9). A variety of DC subsets 
exist that differ with respect to their developmental origins, functions and 
localisation (4, 10). Conventional DCs include migratory CD103+ DCs and SLO 
residing CD8a+ DCs that depend on the basic leucine transcription factor ATF-



 2 

like 3 (Batf3) for their differentiation and survival (11), as well as Batf3 
independent CD4+ and CD4-CD8- SLO resident DCs and migratory CD103- DCs 
and Langherhans cells (12). In addition to conventional DCs, monocyte-derived 
DCs and plasmacytoid DCs can also contribute to the activation or regulation of 
adaptive immune responses (13, 14). 
 
Innate immune cells such as Innate Lymphoid Cells (ILCs) and Natural Killer (NK) 
cells facilitate prompt control of invading pathogens and burgeoning 
malignancies. Most ILCs are resident within non-lymphoid barrier tissues (15, 16) 
where they are situated to provide early protection against localised peripheral 
infections by producing cytokines critical for the activation of downstream immune 
responses (17, 18). ILCs are classified into three major subsets: ILC1 that are 
activated by Interleukin-12 (IL-12), IL-15 and IL-18 to produce IFNγ, ILC2 that 
are activated by TSLP and IL-33 to produce IL-5 and IL-13 and ILC3 that are 
activated by IL-23 and IL-1 to produce IL-22 and IL-17 (19, 20). Conversely, NK 
cells are mostly circulating non-specific effector cells that rapidly secrete 
cytokines such as Interferon-γ (IFNγ) and Tumour Necrosis Factor (TNF) upon 
activation, and that can directly kill infected or abnormal cells through targeted 
delivery of perforin and granzymes (21). Activation of NK cells requires the 
combined ligation of various activating and inhibitory receptors on the cell 
surface. Importantly, NK cell stimulation does not require recognition of specific 
antigen, and may be triggered when the NK cell encounters a target cell that has 
downregulated expression of MHCI, or by cytokines such as Type I Interferons, 
IL-12, IL-18 or IL-15 (21).  
 
Although innate immune cells can respond rapidly to microbial insult or tissue 
dysregulation to initiate pathogen or cancer control, these cells are usually not 
sufficient to completely restrain infection or tumour growth alone, and must 
cooperate with the adaptive immune system to restore tissue homeostasis (2). 
Additionally, innate immune responses are not typically sustained or permanently 
conditioned following infection resolution, such that innate cells do not generate 
immunological ‘memory’ and subsequent responses are similar to those elicited 
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upon initial activation. As an exception to this, NK cells have been shown to 
generate a long-lasting response with hallmarks of adaptive immune memory 
including elevated cell numbers and a lowered threshold for activation in 
particular infectious or stimulatory settings (22, 23). In addition, a number of 
innate-like T cell subsets with restricted antigen specificity including Natural Killer 
T (NKT) cells that recognise lipid antigens presented by APC on CD1 molecules, 
Mucosal Associated Invariant T (MAIT) cells that recognise microbial riboflavin 
synthesis pathway metabolites presented by APC on MR1 molecules, and gdT 
cells can all rapidly mount effector responses in various disease settings, and 
could give rise to cross-reactive memory responses (24-28). Nevertheless, 
activation of the adaptive immune compartment is a major function of innate 
immune cells, and the specificity and memory provided by adaptive immune cells 
is prerequisite for both initial infection control and protection from secondary 
infection. 
 

1.1.2 Adaptive immune cells 
 
The adaptive immune compartment is comprised of B and T cells that confer 
humoral and cellular immunity respectively. Individual B and T cells each have 
specificity for a single unique antigen, but collectively these cells provide 
coverage against an incomprehensible multitude of potential pathogens and 
mutated self-derived proteins. Distinct B and T cell receptors are engineered by 
Recombination Activating Gene (RAG) enzymes (30) and self-reactive cells are 
largely deleted from the B and T cell repertoire during development, to ensure 
that the vast majority of adaptive cells recognise and respond only to foreign or 
‘non-self’ antigens (29, 30). B and T cells initially exist in a quiescent or naïve 
state, during which time they are unable to participate in an effective immune 
response. Their activation is a highly specific process requiring selection of 
particular clones with antigen receptors tailored to respond to a particular 
pathogen or mutated protein within SLOs, and is therefore delayed by 
comparison with that of innate immune cells. Upon activation, selected adaptive 
immune cells will proliferate profusely, giving rise to daughter progeny with varied 
effector functions but an identical specificity to the parent cell (31-33).  
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B cells recognise ‘free’ or soluble antigen directly via their B cell receptor, 
becoming activated to produce highly specific antibodies that bind foreign 
proteins expressed by pathogens or cancerous cells (34). These antibodies 
provide protection against infection by neutralising pathogens to reduce their 
invasive potential, opsonising targets to increase their visibility to innate immune 
phagocytes and catalysing complement activation (34). As B cells internalise 
exogenous antigens and express MHCII, these cells can also act as professional 
APC for the activation and modulation of T cell responses (35). 
 
T cells recognise cell-associated antigen processed by APC and presented in the 
context of MHCI or MHCII molecules using their T cell receptor (TCR) (36). T 
cells are broadly divided into two major subsets: MHCII-restricted CD4+ T cells 
and MHCI-restricted CD8+ T cells. Activated CD4+ T cells include Th1, Th2 and 
Th17 cells that can produce the cytokines TNF and IFNγ, IL-5 and IL-13, or IL-
17 respectively to regulate and recruit effector cells (37-40). In addition to effector 
CD4+ T cell subsets, Foxp3+ regulatory T (Treg) cells that produce IL-10 and TGFβ 
can also be generated during infection or thymic development (41). The exact 
cytokine profile of CD4+ T cells depends upon the specific signals they receive 
from APCs during activation and the context of infection (39). Activated CD8+ T 
cells can directly kill target cells by producing granzyme and perforin (42, 43) and 
produce effector cytokines such as IFNγ and TNF (5, 42). IFNγ can enhance 
MHCI expression and induce an antiviral state within surrounding cells (44), 
whereas TNF can activate downstream immune cells, induce apoptosis of 
infected or abnormal cells and promote inflammation (34, 45). Together, CD4+ 
and CD8+ T cells coordinate and collaborate with innate cells to limit the spread 
of infection or cancer. 
 
Following infection resolution, specialised memory B and T cells persist at higher 
frequencies with enhanced and more rapid effector functions than their naïve 
predecessors (46-48). Importantly, memory T cells are critical to provide rapid 
protection against the same pathogen or cancerous cell upon subsequent 
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encounter, and their reactivation may even precede that of the innate immune 
compartment (49, 50).   
 

1.2 Kinetics of the T cell response 
 

1.2.1 Initiation of a primary T cell response 
 
Naïve T cells continuously migrate between SLOs and the blood, entering the 
spleen and LN through high endothelial venules (HEV) by expression of CD62L 
and CCR7 (51), patrolling T cell zones for their cognate antigen by following 
CCL19 and CCL21 gradients (48, 52), and re-entering the circulation by migrating 
towards Sphingosine Phosphate 1 (S1P) which is highly concentrated in blood 
(53, 54). Prior to activation, the bioenergetic needs of naïve T cells are met using 
oxidative phosphorylation (55, 56) and these cells are maintained by homeostatic 
proliferation driven primarily by IL-7 (57, 58). Naïve CD8+ and CD4+ T cells 
become activated upon interaction with mature APCs such as DCs that are 
expressing their appropriate antigen in the context of MHC (59, 60). Upon 
peripheral challenge, priming of naïve T cells initially occurs in regional LNs that 
drain the site of pathogen replication (61). 
 
T cell activation requires three signals: recognition of the cognate peptide:MHC 
complex on the surface of an APC, costimulation through ligation of various 
receptors on the T cell surface and cytokine signalling that will dictate the effector 
and/or memory fate of T cell clones following proliferation. Sufficient costimulation 
of naïve CD8+ T cells is required to overcome the threshold to activation (62) and 
typically involves interaction of CD28 on the surface of the T cell with CD80 or 
CD86 on the surface of mature DCs (63-65), although other costimulatory 
molecules including 41BB and OX40 can also play a role (66). DCs can produce 
a range of cytokines such as Type I interferon, IL-12, IL-6 and IL-4 that will direct 
the eventual fate of the differentiating T cells (67-69) by determining whether 
CD4+ T cells become Th1, Th2 or Th17 cells (39), and whether T cells will be 
retained into the memory phase. The array of cytokines produced by DCs during 
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T cell activation depends on the nature of the primary stimulus and kinetics of the 
innate response (70). 
 
In addition to dictating the effector phenotype and fate of differentiating T cells, 
DCs imprint a specialised complement of homing molecules on T cells during 
priming that reflect the environment in which the DC became activated and that 
allow effector T cells to migrate to specific tissue sites (71). For instance, DCs in 
skin-draining LNs command upregulation of CCR8, CCR10 and CCR4 molecules 
and E and P selectin ligands on differentiating CD8+ T cells to encourage 
extravasation through the skin vasculature (72-77). Conversely, DCs in 
mesenteric LNs induce expression of CCR9 and the integrin α4β7 which bind 
MAdCAM-1 expressed by gut endothelial cells (78-80). Differentiating CD8+ T 
cells also upregulate CXCR3 upon activation to encourage peripheral migration 
(81). Regional production of IFNγ and TNF in infected tissue sites induces 
expression of E- and P-selectin ligands and integrins on proximal endothelial cells 
to promote localised T cell extravasation (82-84). In this way, DCs and other 
innate cells communicate the location of infection or insult to differentiating T cells 
and restrict their migratory capacity, ensuring that the adaptive immune response 
is specifically directed to the affected tissue compartment. 
 
In addition to signals received from DCs, cytokines produced by CD4+ T cells can 
also influence the nature of primary and memory CD8+ T cell responses. The 
provision of CD4+ T cell ‘help’ can occur directly via production of stimulatory 
cytokines such as IL-2 (85) and inflammatory mediators such as IFNγ (86), or 
indirectly through modulation of DC costimulatory capacity or cytokine production 
(87-90). Whilst some infections such as Herpes Simplex Virus (HSV) require 
CD4+ T cell help to promote sufficient CD8+ T cell proliferation and memory 
formation (87), CD8+ T cells are activated normally in the absence of CD4+ T cells 
during infections with Lymphocytic Choriomeningitis Virus (LCMV) or Vaccinia 
virus (88). Whether CD8+ T cells require CD4+ T cell help for efficient activation 
is thought to depend upon the degree of inflammation induced by activating 
stimuli, with less potent pathogens posited to have a higher dependency on CD4+ 
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T cell help for adequate CD8+ T cell activation (91). CD4+ T cells can also play 
an important role in the ongoing maintenance of CD8+ T cells, even if they are 
dispensable during priming (92). 
 
Proliferation of efficiently activated CD8+ T cells to give rise to effector progeny 
requires a switch from oxidative phosphorylation to aerobic glycolysis (93, 94), 
during which time CD8+ T cells acquire the capacity to produce their conventional 
effector cytokines IFNγ and TNF and upregulate expression of Granzyme B 
(GzmB) and perforin (59). These expanded T cells will migrate to the site of 
infection or tumorigenesis to execute effector functions in order to control 
pathogen replication or cancer spread.  
 

1.2.2 Generation of T cell memory 
 
Following clearance of infection or malignancy, proliferated T cell clones undergo 
gradual but near-complete contraction or cell death (95, 96). However, small 
numbers of residual resting CD8+ memory T cells are retained in both SLOs and 
in peripheral tissues (97, 98). Both the transition from the effector to memory 
phase and the maintenance of memory T cells by homeostatic proliferation (42) 
depend on IL-7 cytokine signalling (99, 100) and receipt of transpresented IL-15 
(100-102). As effector T cells acquire a memory phenotype, they regain 
dependency on oxidative phosphorylation and fatty acid metabolism over 
glycolysis (56, 103). Whilst steady state memory T cells are quiescent and 
resemble naïve T cells at a transcriptional level, alterations to their epigenetic 
landscape allow them to rapidly regain effector function upon restimulation (104, 
105). 
 
Whether activated T cells will spawn memory appears to be determined during 
the initial stages of T cell priming (105, 106). The effector CD8+ T cell population 
is heterogeneous and classically divided into KLRG1+IL-7Rlo short-lived effector 
(SLEC) or terminal effector (TE) cells that eventually contract following infection 
resolution and KLRG1-IL-7Rhi memory-precursor effector (MPEC) or memory 
precursor (MP) cells with the potential to form long-lived memory (69, 105). SLEC 
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and MPEC cells can be discriminated as early as four days after CD8+ T cell 
stimulation (107), although recent studies have shown that KLRG1 expression is 
more dynamic than originally appreciated and can be downregulated to permit 
entry to the memory pool (108). In some contexts, conventional SLEC cells are 
also maintained long after infection and contribute to secondary immune 
responses (109). Acquisition of SLEC and MPEC phenotypes depends on the 
strength and duration of inflammation received during CD8+ T cell priming (110, 
111) rather than antigen affinity (112), with higher concentrations of inflammatory 
cytokines such as IL-12 driving T-box expressed in T cells (T-bet) expression and 
promoting SLEC differentiation (100, 113). Conversely, MPEC differentiation is 
enhanced by regulatory cytokines such as IL-10 and IL-23 (114, 115) produced 
by Treg cells (116), which serve to insulate differentiating cells from potent 
inflammation. In addition to T-bet, a variety of other transcription factors (TFs) 
promote SLEC differentiation including B lymphocyte induced maturation protein 
(Blimp) (117, 118), inhibitor of DNA binding 2 (Id2) (119) and zinc-finger E-box-
binding homeobox 2 (Zeb2) (120), whereas subsets of MPEC and memory T cells 
are driven by TFs such as inhibitor of DNA binding 3 (Id3) (121), T cell factor 1 
(Tcf1) (122), Eomesodermin (Eomes) (123, 124) and Runt related transcription 
factor 3 (Runx3) (125). In contrast to CD8+ T cells, at least in C57/BL6 (B6) mice, 
CD4+ T cells with memory potential are better identified by reduced Ly6C 
expression than patterns of KLRG1 or IL-7R expression (126), with CD4+ effector 
T cells expressing low levels of T-bet and increased CXCR5 giving rise to CD4+ 
TCM cells and a portion of CXCR5-T-bethi effectors surviving as CD4+ TEM cells 
(127). 
 
In some infection models, the capacity of CD8+ T cells to form memory can be 
enhanced upon repeated restimulation or prime-boosting by increasing the 
MPEC fraction and promoting widespread memory cell dissemination (128-130). 
In other settings, repeated boosting increases the proportion of SLEC cells (112, 
131). Repeated stimulation drives more rapid acquisition of memory and effector 
fates (131) and reduces dependency on IL-15 for continued maintenance (132). 
During chronic infection and cancer development, T cells may become 
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dysfunctional and fail to form classical resting memory (133). In this setting, T 
cells may depend more heavily on continuous antigen presentation and ongoing 
proliferation for their preservation rather than homeostatic maintenance via IL-7 
and IL-15 (134, 135). 
 

1.2.3 Memory T cell subsets 
 
Memory T cells were once classified into two bifurcating subgroups: 
CD62L+CCR7+ central memory T (TCM) cells that traverse blood and secondary 
lymphoid organs and CD62–CCR7– effector memory T (TEM) cells that continually 
passage between the circulation and non-lymphoid tissues (136, 137). 
Traditionally, TEM cells were purported to possess enhanced cytokine and 
cytolytic function and migratory potential upon restimulation, whereas TCM cells 
were thought to have comparatively poor effector function and superior 
proliferative capacity (71, 136-138). However, recent studies have challenged 
these notions by demonstrating that both the CD8+ TEM and TCM subsets can be 
further delineated by their expression of CX3CR1 (139, 140). Whereas CX3CR1hi 
cells possess increased effector functions and CX3CR1lo cells heightened 
proliferative potential (139-141), CX3CR1int cells demonstrate superior migratory 
potential and recirculation through non-lymphoid tissues irrespective of CD62L 
expression (139, 140). Additionally, TCM cells may be better equipped than 
classically defined TEM cells to migrate into peripheral tissues following 
restimulation due to their increased responsiveness to IL-15, which drives 
peripheral migration (142) and promotes core-O2 glycan synthesis and E and P 
selectin binding (143). In line with this, human TCM cells have been shown to 
express similar levels of homing and cytolytic proteins as TEM cells and are 
capable of mediating skin graft rejection (144). However, the migration of resting 
memory cells into multiple non-lymphoid organs is restricted (145) with access to 
peripheral tissues retracted shortly after T cell priming (146-150), and the 
frequencies of both CD8+ TCM and TEM cells in peripheral sites therefore decline 
over time. 
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In spite of this, memory T cells can be isolated from diverse non-lymphoid tissues 
following resolution of acute infection (97, 150, 151) with a progressive 
accumulation of peripherally localised memory T cells occurring over the lifespan 
(152, 153). Prolonged peripheral patrol was explicated by the more recent 
discovery of a third major subset of tissue-resident memory T (TRM) cells that 
remain permanently lodged in non-lymphoid organs without recirculating (149, 
154). These TRM cells develop within barrier tissues and persist at sites of prior 
infection as frontline defenders (Fig 1.1). Evolutionarily, TRM cells share several 
phenotypic and transcriptional commonalities with a variety of innate immune 
cells residing in non-lymphoid niches (15, 16, 155). 

 

CD8+ TRM cells are CD62L-CCR7- and frequently colonise epithelial 
compartments of peripheral tissues such as the skin (154, 156, 157), intestine 
(149), salivary glands (148), lung (158, 159) and female reproductive tract (146, 
160). In addition, TRM cells have been identified in visceral non-lymphoid organs 
such as the liver (161), nervous system (147, 162, 163), white adipose tissue 
(WAT) (164), heart, kidney and pancreas (151), secondary lymphoid organs 
(SLOs) such as the lymph nodes and spleen (165), and primary lymphoid organs 
including the thymus (166). The hallmark feature of TRM cells is a lack of 
equilibration with the circulating memory cell pool, as demonstrated by organ 
transplantation (149, 154) and parabiosis (157, 161, 164, 165, 167). CD8+ TRM 
cells also largely escape depleting circulating antibody treatments that remove 
TEM and TCM cells (154, 168-170) and are not reduced following treatment with 
the chemical agent FTY720 (149) that prevents T cell egress from SLOs (171). 
In epithelial tissues, CD8+ TRM cells are reliably identified by co-expression of the 
surface markers CD69 and CD103 (154, 169, 172). 
 
The relative frequencies of TCM, TEM and TRM cells appear to be determined by 
exogenous and environmental factors including the commensal microbiota and a 
history of pathogen exposure. Whereas specific pathogen free (SPF) mice tend 
to harbor more TCM cells in their circulating compartment, wild and store-bought 
“pet shop” mice with a more diverse microbiome possess more TEM and TRM  



Figure 1.1. Migratory profiles of memory T cell subsets. Central memory T cells (TCM, blue) 
migrate between secondary lymphoid organs (SLOs) including the spleen and lymph nodes 
(LN) but are not traditionally thought to enter peripheral tissues. Effector memory T cells (TEM, 
orange) migrate through peripheral non-lymphoid tissues but ultimately extravasate by re-en-
tering the circulation or draining to SLOs via lymphatics. Tissue-resident memory T cells (TRM, 
green) can be found in epithelial compartments of tissues such as the skin, lung or gut where 
they reside permanently without circulating through blood or lymphoid tissues.
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phenotype cells (173) with a more activated phenotype (173, 174). Consequently, 
mice with a wild microbiome or that have been previously exposed to repeated 
infections are generally more resistant to infectious challenges (173, 175, 176). 
The memory T cell complement of wild mice better recapitulates that found in 
humans (152, 173), where the vast majority of memory-phenotype cells even in 
SLOs exhibit phenotypic characteristics of tissue-residency (177, 178). 
 

1.3 TRM cells: generation, phenotype and function 
 

1.3.1 Priming and tissue infiltration of TRM cell precursors 
 
Like circulating memory T (TCIRC) cells, CD8+ TRM cells develop from KLRG1lo 
effector precursor cells sequestered within epithelial compartments (179, 180), 
although effector cells that temporarily expressed KLRG1 are also capable of 
giving rise to TRM cells in various tissues (108). Recent findings indicate that CD8+ 
TRM cells may depend more stringently than TCIRC cells on Batf3+ DCs for priming 
during primary localized Vaccinia infection (181). Similarly, CD103+ DCs and 
human CD1c DCs are superior in their capacity to drive CD103 expression on 
CD8+ T cells differentiated in vitro (182, 183). However, both skin-localised TRM 
and circulating CD8+ memory cells can derive from common effector progenitors 
(184), and dependency on Batf3+ DC for TRM cell generation is not absolute (181). 
Virtual TRM cells have even been shown to form in the skin in the absence of 
antigen-specific priming, presumably as a consequence of naïve T cell 
homeostatic proliferation (185). The vast majority of TRM cell precursor division 
occurs before CD8+ effector T cells egress SLOs, with minimal proliferation 
occurring following entry to the tissue (186). 
 
During priming in SLOs, DCs may imprint TRM precursor cells with cassettes of 
tissue-specific homing receptors that target T cell migration specifically towards 
afflicted tissue sites. For instance, DCs migrating from the skin or residing within 
skin-draining LN can induce expression of migratory directing molecules such as 
E- and P- selectin ligands and chemokine receptors such as CCR8, CCR4, 
CCR10, which drive migration towards dermal-derived chemokines such as 
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CCL17 and CCL27 to promote T cell infiltration of the skin (157, 187-191). In 
contrast, gut-residing DCs can promote expression of alternate tissue homing 
molecules such as α4β7 (specific for mucosal vascular addressin cell adhesion 
molecule 1 (MAdCAM1) which lines the gut endothelium) and CCR9 (specific for 
the gut-derived chemokine CCL25) to preferentially direct T cell migration 
towards the intestine (180, 188). However, T cell migration to these peripheral 
tissue sites may not always strictly require expression of these specific integrins 
and receptors. The exact complement of homing molecules induced on the cell 
surface can vary independently of the priming location and the degree of T cell 
dissemination following infection or challenge is therefore contextually dependent 
and may be more widespread. For example, potent inflammation or systemic 
stimulation can induce a more promiscuous migratory profile permitting 
widespread infiltration of diverse tissues, including uninfected organs, 
irrespective of the initial site of priming or expression of particular homing 
molecules (128, 149, 157). Expression of CXCR6 may partly encourage this 
extensive dissemination, as it is critical for directing migration of TRM cell 
precursors to both epithelial and visceral sites (189, 192) and is expressed by 
TRM cells in most tissues (193). 
 
Additionally, TRM cell precursor migration to a broad array of tissues including the 
skin, lung, female reproductive tract, intestine and liver is supported by 
expression of the migratory receptor CXCR3 (160, 161, 179, 185, 194, 195). 
Consistent with this, the KLRG1lo cells that seed the TRM cell pool maintain 
hightened expression of CXCR3 by comparison with KLRG1hi SLEC cells (179, 
196). The CXCR3 ligands CXCL9 and CXCL10 are constitutively expressed in 
skin (185), as well as the CCR8 ligand CCL1 (190, 197), which might explain how 
widespread skin TRM cells can be formed upon repeated prime-boosting in the 
absence of tissue inflammation (128, 157, 198). CXCL9 and CXCL10 are further 
upregulated upon viral infection of the skin (199), and topical application of the 
CXCR3 ligands CXCL9 and CXCL10 is sufficient to recruit effector cells to the 
female reproductive tract and stimulate TRM formation (160). Although CXCR3 
expression promotes TRM accumulation in a variety of tissues, it is not absolutely 
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required for TRM cell generation and may play a more critical role in positioning 
TRM cells in the outermost epithelial tissue compartments. CXCR3 is particularly 
important for attracting CD8+ effector T cells to infection foci in skin rather than 
recruitment to the organ itself (199, 200) and is particularly important for licensing 
transit from the dermis to the epidermis (179). Similarly, whilst both CXCR3lo and 
CXCR3hi TRM cell subsets populate the lung, it is the CXCR3hi subset that displays 
tropism for the outermost layers of the lung tissue (201). In the context of chronic 
infection or persistent stimulation, CXCR3 may not be as important for 
recruitment of CD8+ T cells to mucosal sites (202). 
 
Other signalling molecules promoting recruitment of effector CD8+ TRM cell 
precursors into peripheral tissues include IL-15 (142, 203-206) and IFNγ, the 
latter of which is produced primarily by CD4+ T cells that seed the tissue prior to 
CD8+ T cell migration (86, 194). In the lung, CD4+ T cell help specifically 
enhances CD103 expression on infiltrating CD8+ effector precursors (194), but in 
other tissues such as the female reproductive tract, brain and skin, CD4+ T cell 
help is not necessary for TRM cell recruitment and differentiation (157, 162, 174).  
 
Activated CD8+ T cell recruitment to peripheral tissues such as the skin and 
intestine is ultimately short-lived (146, 147, 150, 207) and CD8+ T cells are 
excluded from nonlymphoid tissues as early as 7 d post-infection as they rapidly 
lose expression of tissue-homing markers (149, 207). TRM cell generation is 
therefore confined to a short developmental window (146, 149), with prolonged 
surveillance of peripheral tissues by recirculating cells largely prohibited following 
the resolution of infection (147, 148). However, it is important to note that 
temporal regulation of peripheral homing is far less constrained during persistent 
infection and prolonged antigen presentation. Chronic infection with LCMV-
Clone13 supports continued preferential recruitment of CD8+ T cells to non-
lymphoid organs (208) via sustained tissue-homing marker expression (207). 
Continual recruitment of CD8+ T cells to peripheral sites is also observed in the 
context of autoimmunity (209). Although chronic LCMV infection appears to 
discourage TRM cell differentiation in the intestine (151, 207), late antigen 
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expression may permit unceasing TRM cell generation in the salivary gland during 
Murine Cytomegalovirus (MCMV) infection (210, 211). Given that established 
solid tumours represent a continuous source of antigen, sustained homing of 
resting memory T cells to the cancer microenvironment may be sanctioned in 
spite of peripheral localisation. However, resting memory cells are apparently 
incapable of entering established tumours after initial tumour-infiltrating 
lymphocyte (TIL) accumulation (212, 213). 
 

1.3.2 Defining features of TRM cells 
 
TRM cells from the skin, lung and gut share expression of a set of genes that are 
differentially expressed by comparison with TCIRC cells, comprising a core 
transcriptional signature of tissue residency (179). Cells in the brain (214), liver 
(161, 215) and secondary lymphoid organs (174) also share similar but non-
identical expression of many associated TRM cell genes. Additionally, innate 
resident cells and TRM cells are also defined by similar expression of specific 
residency imprinting genes including the TF Hobit (215). 
 

1.3.2.1 Surface phenotype of TRM cells 
 
Epithelial TRM cells canonically upregulate both the early-activation marker CD69 
and the αE (CD103) subunit of the αEβ7 integrin (148, 149, 154, 157, 216) in a 
sequential fashion (179). More recently, it has been shown that bona fide 
CD69+CD103– resident cells also exist in many tissues including the intestine, 
SLOs, liver and WAT (161, 164, 165, 167, 172). However, CD103– cells 
recirculate in the skin (169) and thymus (170), indicating requirements for TRM 
cell formation and maintenance may be tissue-specific. At the same time, 
resident CD103+ and CD103– cells frequently coexist in the same non-lymphoid 
compartments (147, 151) including those where CD103– cells have been shown 
to be true residents (167, 172). In the murine liver, TRM cells can be identified by 
co-expression of CD69 and CXCR6 in the absence of CD103 (161). Non-
recirculating CD69– memory cells have also been identified following infection 
(164, 167) and CD69–CD103+ cells can form in non-lymphoid tissues including 



 16 

the intestine and salivary and mammary glands in the context of chronic MCMV 
infection (210). As such, the exact surface profile denoting tissue-residency 
remains intangible in many organs. Whether non-recirculating cells with 
differential CD103 and CD69 expression differ with respect to functionality is still 
unclear, but CD103+ cells from the brain have been shown to proliferate poorly 
by comparison with their CD103– counterparts (214) and these subsets may also 
diverge with respect to developmental requirements and protective efficacy (172, 
195). 
 
CD69 is an early-activation marker (217) widely expressed by TRM cells in most 
tissues, and is upregulated prior to the expression of CD103 (179). CD69 
expression can be induced by antigen recognition (218) or cytokines including 
Type I interferons, IL-33 or TGFβ (151, 207, 210, 219, 220). CD69 promotes TRM 
cell formation by facilitating early retention of effector CD8+ precursors in 
peripheral tissue compartments (220) through competitive inhibition of the tissue-
egress regulator S1pr1 (219-221). In addition to associating with S1pr1 cell-
intrinsically, CD69 can bind Myosin Light Chain proteins 9 and 12 (222) and 
galactin-1 (223) expressed within peripheral tissues. Absence of CD69 causes 
rapid loss of CD8+ T cells from the skin, lung and thymus, and defective TRM cell 
formation (170, 179, 220, 224) that can be recapitulated by overexpression of 
either S1pr1 or its upstream regulator KLF2 (219). In skin γδ T cells, CD69 
regulates tryptophan uptake to promote downstream aryl hydrocarbon receptor 
(Ahr) activity (225). Skin TRM cells depend upon Ahr for their survival (226), but 
whether CD69 plays a similar role in skin TRM cell metabolism is yet to be 
established.  
 
TRM cell upregulation of CD103 is near universal in surface epithelial 
compartments such as the epidermis (154), intestinal epithelial layer (149, 151) 
and salivary gland epithelium (210, 211). Interaction of CD103 with E-cadherin 
mediates adhesion to both epithelial cells (227) and cancer cells (228, 229) in 
vitro and CD103 can promote epithelial positioning (230-232). Although CD103 
has been shown to be requisite for long-term maintenance of TRM cells in some 
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instances (147, 151, 179) it appears to play a more definitive role in promoting 
initial accumulation in others (180, 210, 211) and its expression may even be 
entirely inconsequential (151, 172). These discrepancies do not support alternate 
roles for CD103 in different tissues, as contradictory functions have been 
identified for TRM cells within the same organ (151, 172, 180). Although CD103 
can support maintenance of TRM cells in the salivary glands, it becomes 
redundant in the face of chronic infection where TRM cells are generated 
continually (210, 211). In addition to expressing CD103, TRM cells themselves can 
also express its ligand E-cadherin (148, 166, 179, 214). Consistent with an 
adhesive role for CD103 in vivo, deficiency of E-cadherin also reduces numbers 
of CD8+ T cells in the salivary glands (148). 
 
Heterogeneity within the TRM cell compartment extends beyond differential CD69 
and CD103 surface expression. In human skin, CD49a expression defines TRM 
cells with cytotoxic capacity, whereas CD49a– TRM cells produce IL-17 to induce 
autoimmune psoriasis (233). IL-17+ Tc17 CD8+ TRM cells have also been 
identified in mouse skin, where they develop in response to commensal microbes 
(234, 235). These findings stress that TRM cells residing in the same tissue and 
even those activated by the same microorganism and possessing identical TCR 
specificity (236) can acquire drastically different phenotypic effector profiles. 
However, the vast majority of TRM cells in peripheral tissues do express CD49a 
(151, 154, 179) and maintain a conventional IFNγ+TNF+ Tc1 cytokine profile (168, 
233, 237). CD49a has been shown to mediate CD8+ T cell adhesion to collagen 
matrices in peripheral tissues such as the lung (238) and may therefore share 
some redundancy with CD103. TRM cells are also heterogeneous with respect to 
CX3CR1 expression; whilst this marker is expressed at low or intermediate levels 
on TRM cells in organs such as the salivary gland and gut (139), TRM cells in the 
skin upregulate CX3CR1 expression in situ (239). 
 
TRM cells in a variety of organs constitutively express a gamut of inhibitory and 
regulatory molecules including PD-1, CTLA-4, TIM-3, LAG-3, CD244, ICOS and 
41BB at both the transcriptional (179, 214, 240) and surface protein (162, 198, 
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241-243) level. Importantly, in situ expression of these molecules is maintained 
at steady state (242) and can be induced even in situations where there is no 
local antigen recognition (198). Constitutive inhibitory molecule expression may 
serve to tune the function of TRM cells in the tissue, preventing hyperactivation by 
increasing the threshold for restimulation (240). In addition, signalling through 
inhibitory and costimulatory molecules may influence TRM cell differentiation. 
Deficiencies in PD-1/PD-L1 signalling have been shown to lead to reduced TRM 
cell formation in the CNS (244, 245), consistent with the notion that PD-1 
signalling could promote MPEC accumulation during acute infection (246) and 
prevent excessive T cell contraction (247). However, TRM cells do not always 
express inhibitory molecules, especially at the protein level, with negligible 
expression detected for TRM cells in SLOs (174), the intestine (151) and healthy 
human fallopian tube (248). Persistent antigen during infection (162) or 
autoimmunity (209) may enhance expression of inhibitory receptors by TRM cells. 
 

1.3.2.2 Shape, motility and localisation of TRM cells 
 
TRM cells migrating in epithelial tissues such as the skin display a characteristic 
dendritic morphology (156, 226, 249). Formation of TRM cell filopodia and their 
slow and constitutive dendritic migration through the tissue at steady state (198, 
226) depends partly on the expression of CD103 (189, 250, 251). In contrast to 
epithelial skin TRM cells, TRM cells in the liver (161) and female reproductive tract 
(252) have a more amoeboid shape, and expression of LFA-1 may compensate 
for CD103 to promote constitutive patrolling behavior of liver TRM cells (253). TRM 
cells in diverse organs including the skin (254), gut (172), female reproductive 
tract (255), lung (158, 256) and brain (147) often congregate in clusters where 
they associate with APCs (172, 254) specifically at resolved infection foci (147). 
 

1.3.3 In situ differentiation and survival of TRM cells 
 
Upon infiltration of peripheral tissues, TRM cell precursors commit to a residency 
differentiation program following in situ exposure to local microenvironmental 
signals. Initial development depends upon early confinement of CD8+ T cells to 
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peripheral tissues by inhibiting tissue egress, ensuring unwavering exposure to 
instructive tissue-derived cytokines. CD69 is one molecule that supports TRM cell 
commitment by hindering early effector emigration via antagonization of S1pr1 
expression (219, 220) but downregulation of CCR7 may also contribute. CCR7–

/– cells exhibit improved TRM cell formation (179, 211, 257) as they fail to leave 
tissues through draining lymphatics (258-260). Precursor cells retained within the 
tissue niche steadily acquire expression of TFs and molecules that promote and 
designate tissue-residency (179, 214, 261), with the majority of TRM cell signature 
established within several days after initial tissue infiltration (262). 
 
Residency in both CD8+ T cell and innate cell lineages in mice is orchestrated by 
the TF Hobit (in cooperation with Blimp) which mediates downregulation of the 
tissue egress promoters Klf2 and S1pr1; as such, cells deficient in Hobit and 
Blimp1 expression display decreased TRM cell formation in mice (215). However, 
Hobit may not be essential for human TRM cell formation, as cells found in the 
human liver (241, 263) and in various other tissues (178) have reduced Hobit 
expression by comparison with TCIRC cells. TRM cell development in organs such 
as the skin and lung is characterised by downregulation of Eomes and to a lesser 
extent T-bet as cells differentiate, and overexpression of these factors obliterates 
TRM cell formation (169, 194, 264). Residual T-bet expression is maintained by 
fully developed TRM cells in these tissues and promotes ongoing expression of 
CXCR3 and IL-15Rα (CD122) (169). Tcf7 expression is also downregulated in 
developing TRM cells by comparison with TCIRC cells (215), whereas Runx3 is 
upregulated by developing TRM cells and its overexpression promotes 
accumulation of CD8+ T cells in barrier tissues and subcutaneous (s.c.) tumours 
alike (262). Runx3 functions partially by suppressing high levels of T-bet 
expression (105, 125), with the capacity to regulate responsiveness to TGFβ 
signalling (265, 266) and CD103 expression (267), and seems to promote TRM 
cell survival rather than accumulation or proliferation (262). 
 
1.3.3.1 Role of TGFβ 
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The cytokine TGFβ is the most well characterised tissue-derived signal 
instructing TRM cell development. TGFβ is constitutively expressed in tissue 
epithelia (268) but is initially produced in a latent form (269), which must first be 
activated by αvβ6-expressing epithelial cells in the skin and gut to promote TRM 
cell generation (270). TGFβ encourages phenotypic changes associated with TRM 
cell development such as KLRG1 downregulation (271) and CD103 expression 
(272) in vitro, and epithelial CD8+ T cells deficient in TGFβ signalling show a 
defect in TRM cell maintenance that correlates with absent CD103 expression 
(151, 172, 179, 207, 211, 224). However, the role for TGFβ in TRM formation and 
survival must extend beyond upregulation of CD103, as TGFβRII–/– cells are 
defective in TRM cell maintenance after oral infection whereas CD103–/– cells 
show no defect in survival in this model (180) and TGFβ is required for TRM cell 
differentiation in the salivary gland in a CD103 independent manner (211). 
Indeed, CD69 expression may be diminished in the absence of TGFβRII (180, 
207) and noncanonical TGFβ signalling promotes downregulation of Klf2 and 
S1pr1 (219). Additionally, TGFβ drives downregulation Eomes and T-bet in the 
skin to promote TRM development (169) underscoring the multifaceted role of 
TGFβ in TRM cell differentiation. TGFβ is similarly required for the generation of 
tissue-resident ILC1 in the salivary gland (16), and has been shown to signal in 
a Smad4 independent but Smad3 dependent manner to promote a residency 
profile in both innate and CD8+ T cells (16, 194, 273, 274) and induce CD103 
expression (267). Blocking of TGFβ activation by inhibition of αvβ6 at late 
memory time points indicated that in addition to initial differentiation, TGFβ is 
required for ongoing maintenance of TRM cells in some tissues (270). 
 

1.3.3.2 Role of IL-15 
 
TRM cells from several sites require the homeostatic cytokine IL-15 for both 
differentiation and prolonged maintenance. IL-15 promotes Hobit expression via 
induction of T-bet (215), can promote downregulation of KLF2 early after tissue 
infiltration (203), drive Runx3 upregulation in vitro (275) and promotes CD69 and 
CXCR6 upregulation (241). In skin, IL-15 for TRM cell formation is primarily 
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produced by hair-follicle keratinocytes with minimal contribution from Langerhans 
cells (203). Targeted antibody-mediated blockade of IL-15 signalling in the skin 
or lung reduces TRM cell survival (169) and IL-15 deficient mice possess few skin 
(179, 203), salivary gland, kidney (132) and liver CD8+ TRM (108) even early after 
infection. However, the requirement for IL-15 signalling for TRM cell differentiation 
and maintenance is not absolute, as TRM cells colonising SLOs, the gut, pancreas 
and female reproductive tract form and persist in the absence of IL-15 (132, 276), 
and TRM cells from the salivary gland of chronically infected mice may also be IL-
15-independent (210). 
 

1.3.3.3 Role of antigen 
 
Local antigen recognition is not absolutely required for in situ TRM cell 
differentiation in most organs (146, 151, 154, 249). Tissue-inflammation is 
generally sufficient to induce TRM cell formation (146, 160), but may also be 
unnecessary in some organs (151). However, in situ antigen recognition is 
compulsory for CD103 upregulation in the PNS (146), CNS (147, 151) and in the 
lung (182, 256), indicating antigenic requirements for TRM cell formation are likely 
complex and tissue or infection-specific. Persistent antigen expression impairs 
CD103 upregulation in the intestine during LCMV infection (151, 207) and 
salivary gland during MCMV infection (210, 211), but upregulation of CD103 is 
permitted despite prolonged antigen expression in the retina (209) and is even 
enhanced during chronic Murine Norovirus (MNV) infection of the intestine (277). 
Higher affinity of the TCR for antigen may promote increased TRM cell formation 
in the CNS during chronic infection, but it is unclear whether this applies to both 
CD103+ and CD103– TRM cell subsets or whether this is the case in other tissues 
(278). Recent work has shown that although local antigen is not required for TRM 
cell differentiation in the skin, in situ antigen recognition during differentiation 
increases CD103+ TRM cell yield (128, 186, 279), perhaps by driving early CD69 
expression and tissue retention to encourage prolonged exposure to 
microenvironmental signals. 
 



 22 

1.3.3.4 Other factors influencing TRM cell differentiation and maintenance 
 
In addition to TGFβ and IL-15, TRM cell differentiation or maintenance may be 
promoted by cytokines such as IL-12, IL-33, TNF and IL-7 (151, 195, 203, 210, 
219). Like dependency on IL-15, the requirement for these factors for induction 
of TRM cell formation is contextually contingent and can even differ within the 
same tissue. For instance, although Type I interferon can induce expression of 
CD69 in vitro (219), Type I interferon and IL-12 both suppress expression of 
CD103 in the intestinal microenvironment, yet are required for intestinal 
CD69+CD103– TRM cell formation  (195). Notch signalling has been shown to 
promote TRM cell formation in the lung independently of IL-15 (280) and Nr4a1 
(Nur77) expression promotes TRM cell maintenance in the liver and intestine  
(281). TRM cells in the skin express elevated levels of the fatty acid binding 
proteins (Fabp) Fabp4 and Fabp5 and their upstream regulator Pparg, which are 
upregulated in situ during differentiation and enable exogenous lipid uptake to 
prevent TRM cell apoptosis (261). The extent to which TRM cells in other tissues 
depend upon these or other Fabp has yet to be established, although TRM cells 
in WAT also express high levels of Fabp4 (164). 
 

1.3.3.5 TRM cell homeostasis and fate following challenge 
 
TRM cells from multiple tissues undergo slower steady-state proliferation than 
recirculating cells (147, 154, 210, 281, 282) but express elevated levels of the IL-
15 induced pro-survival factor Bcl-2 (147, 172, 179) that may compensate for 
reduced turnover. TRM cells in most tissues can be maintained by homeostatic 
proliferation in the absence of TCIRC cell recruitment at the steady state (283), 
however continual migration of TRM cell precursors may be required to maintain 
TRM populations during chronic infection (210) and following acute infection of the 
lung (284, 285), where boosting of systemic TEM cells can enhance ongoing TRM 
cell generation for long-term maintenance (286). However, TRM cells in the lung 
can also be maintained independently of TCIRC cell recruitment in some settings 
(256). Upon reinfection, de novo TRM cells can form from restimulated TCIRC cells 
that give rise to fresh TRM cell precursors (198, 210, 252, 256, 287), as well as 
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from pre-existing TRM cells that proliferate within the tissue (198, 252, 288). TRM 
cells might also migrate from their original organ of residence to other tissue sites 
following restimulation to participate in systemic responses (164, 174). 
Importantly, TRM cells of multiple specificities can accumulate concomitantly 
within tissues without displacing pre-existing TRM cells (198), highlighting the 
stability of TRM cells in the face of repeated stimulation. 
 

1.3.4 CD4+ TRM cells 
 

Broadly speaking, CD4+ TRM cells are not as well characterised as their CD8+ 
counterparts and the circulatory characteristics of non-lymphoid CD4+ memory T 
cells are not entirely understood. Whilst the majority of skin-localising CD4+ 
memory cells appear to recirculate (156, 254, 289, 290) some skin CD4+ cells 
linger following photoconversion (291, 292), persist despite tissue-grafting (293) 
or depletion of circulating cells (254, 294) and are retained at sites of prior 
infection during parabiosis (254). There is evidence for the existence of CD4+ TRM 
cells in several organs (158, 164, 255, 295-297) and CD4+ T cells with a surface 
and transcriptional residency phenotype exist in humans (178), although it is 
likely that the CD4+ subset exhibits a more heterogeneous recirculatory profile 
than the CD8+ population. In general, CD4+ TRM cells are frequently 
CD69+CD103– (158, 164), although CD69+CD103+ CD4+ TRM cells can be 
identified in some sites (254, 294). Like CD8+ TRM cells, CD4+ TRM cells can 
display diverse effector profiles depending on tissue localization and stimulatory 
history, with resident regulatory T (Treg) cells (298), Th17 TRM cells (292) and Th2 
TRM cells (296, 299, 300) previously described in addition to conventional Th1 
TRM cells (254). CD4+ T cell recruitment to the skin requires CCL5 (254), and 
differentiation or maintenance of CD4+ TRM cells may depend on IL-7 (203), with 
tissue-specific requirements for IL-15 and a lower dependency on TGFβ (301). 

 
1.3.5 TRM cells in humans 
 
The notion that non-recirculating TRM cells also exist in humans is supported by 
the observation that most human organs contain large populations of CD8+ and 



 24 

CD4+ memory T cells that express CD69 and/or CD103 (152, 177, 193, 216, 241, 
280, 302) as well as other TRM cell markers including CXCR6 (193, 263, 280) and 
inhibitory molecules such as PD-1, LAG-3 and CTLA-4 (216, 280). Additionally, 
CD8+ memory T cells persist in the skin following antibody-mediated depletion of 
blood-borne T cells in human patients (303) or skin transplant (304). In a 
humanised mouse model, non-recirculating CD69+CD103+ cells that depend on 
TGFβ for their development form in human skin grafts (294). Resident CD8+ 
memory cells also persist in the female reproductive tract where they are 
associated with reduced reactivation of latent HSV-2 infection (305-307) and are 
found at sites of viral persistence during chronic cytomegalovirus (CMV) (308), 
Epstein Barr Virus (EBV) (216) and hepatitis (263) infection, suggesting that TRM 
cells from humans serve a similar protective function to that observed in mice. 

 
 
1.3.6 Immune functions of TRM cells 
 
Whilst systemic infections may be extinguished by TCIRC cells, these cells are far 
less efficient at protecting against peripheral infections (146, 309-312, 313). CD8+ 
TRM cells are uniquely equipped to protect against localized infection as they are 
spatially poised at portals of pathogen entry. In addition, TRM are advantaged in 
their capacity to respond quickly to the threat of infection by their ability to execute 
immediate effector function. TRM cells in many sites from mice and humans are 
equipped with constitutive expression of GzmB (151, 162, 240, 282) and promptly 
secrete a range of potent effector cytokines including IFNγ, TNF and IL-2 (49, 
148, 168, 237, 241, 280, 294) upon activation. TRM cell-derived IFNγ induces 
upregulation of Vascular Cell Adhesion Molecule 1 (VCAM-1) on proximal blood 
vessels, which encourages nonspecific recruitment of TCIRC cells to the afflicted 
site and activates the innate immune compartment (49, 168). Stimulation of very 
few antigen-specific TRM can therefore orchestrate a non-specific tissue-wide 
immune reaction perpetuated through signal amplification, enabling efficient 
eradication of even unrelated pathogens from whole organs (49, 50). Whether 
TRM cells retain potent functionality in the face of chronic antigen stimulation is 
somewhat unclear. HSV-specific CD8+ T cells encased in latently infected ganglia 
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remain responsive to antigen (162) and TRM cells isolated from lung tumour tissue 
produce high levels of IFNγ and TNF upon restimulation despite expression of 
surface inhibitory molecules (141, 240). However, CD8+CD103+ T cells 
upregulating PD-1 may exhibit reduced effector function during sustained 
autoantigen presentation (209). 
 
In addition to elevated GzmB expression, CD103 may also improve the direct 
killing capacity of CD8+ TRM cells. Binding of CD103 to E-cadherin enhances TIL 
mediated tumour-cell lysis in vitro by stabilising the immunological synapse, 
inducing targeted polarisation of effector molecules such as granzymeB (GzmB) 
and IFNγ (314-316) and mediating outisde-in signalling (317). Blocking CD103 
can dampen CD8+ T cell-mediated lysis of tumour cell targets (229, 318), but this 
finding is not absolute (319). However, the extent to which TRM cells can efficiently 
lyse target cells in vivo might be lower than that observed for CD103+ cells in vitro, 
and may depend on their tissue localization as well as infectious context. 
Whereas TRM cells in the brain (147) have been shown to kill peptide-pulsed 
targets in vivo, TRM cells in the lung exhibit poor cytotoxic capacity (237). 
 
Owing to their rapid reactivation and peripheral localisation, TRM cells provide 
superior protection against localised pathogen reinfection by comparison with 
TCIRC cells (146, 148, 154, 157, 214, 288, 295, 320), even at sites distal to primary 
infection (157). Whilst TRM cells can autonomously protect against HSV skin 
infection (169, 198) or Vaccina virus infection of the reproductive tract (49) in the 
absence of TCIRC cells, TRM cells serve an integral patrol function for rapid 
recruitment of TCIRC cells to sites of infection (168) and downstream TCIRC cells 
may be required for complete protection of some organs or in particular infectious 
contexts. Along with the well-recognised protective function of TRM cells during 
infection, these cells have also been implicated in orchestration of autoimmunity 
– particularly in settings of recurrent localised skin disease such as psoriasis or 
vitiligo (233, 321, 322). Increasingly, TRM cells are also being associated with the 
control of solid cancers, as discussed in Section 1.4.7. 
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1.4 Control of cancer by the immune system 
 

1.4.1 Tumorigenesis and the ‘Hallmarks of Cancer’ 
 
Tumorigenesis describes the process by which normal tissue cells mutate and 
transform to acquire malignancy or the capacity for continuous growth and 
invasion. Malignant cells display particular abnormal properties comprising the 
‘Hallmarks of Cancer’ (323), enabling their dysregulation and escape from 
homeostatic control. Cancerous cells are defined by an initial ability to sustain 
proliferative signalling to enable replicative immortality and evasion of both cell-
intrinsic and microenvironmentally regulated growth suppression and cell death 
(323). To establish a progressively growing tumour, malignant cells must recruit 
a blood supply by producing angiogenic factors such as vascular endothelial 
growth factor (VEGF) or Thrombospondin 1 (TSP1) or by enlisting stromal cells 
to produce these for them, and activating a cellular program of invasion 
characterised by reduced adhesion and increased metastatic potential (323). 
More recently, reprogramming of intrinsic cancer cell metabolism and evasion of 
extrinsic immune mediated suppression have been proposed as emerging 
Hallmarks of Cancer (324), which can influence tumour progression. The immune 
system can prevent cancer induction by protecting against viral infections that 
promote tumorigenesis and regulating carcinogenic tissue inflammation, and can 
oppose or shape tumour development by directly targeting cancer cells via the 
Cancer Immunoediting Hypothesis (325). 
 

1.4.2 The Cancer Immunoediting Hypothesis 
 
Originally articulated by Burnet and Thomas, the cancer immunosurveillance 
hypothesis postulates that transformed cells emerge regularly in healthy hosts 
but typically go unnoticed as activated immune cells usually inhibit their 
outgrowth. The mechanisms by which the immune system regulates and shapes 
cancer progression can be divided into three distinct phases of tumour-immune 
interaction: Elimination, Equilibrium and Escape (326-328). The elimination 
phase encompasses initial detection of nascent cells by immune cells that 
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actively eradicate and may completely extinguish malignant targets. When 
immune cells fail to successfully remove transformed cells, they may instead 
induce a phase of ‘equilibrium’ during which net tumour growth is actively 
suppressed by the counteraction of nascent cell division with immune-induced 
apoptosis or by the induction of cancer cell senescence. During this period of 
cellular competition, tumours are subjected to a process of ‘immunoediting’ 
whereby fitter transformed variants with lower immunogenicity are selected in the 
face of persistent immune pressure. Consequently, tumours are able to ‘escape’ 
immune surveillance by acquiring mutations that facilitate immune evasion (326, 
329, 330). 
 
1.4.3 Models for the study of anti-cancer immunity 
 
A variety of models can be used to study cancer immunosurveillance and 
immunoediting in mice (Fig 1.2). Injection or topical application of DNA damaging 
compounds such as methylcholanthrene (MCA) and 
dimethylbenzanthracene/12-O-tetradecanoylphorbol-13-acetate (DMBA/TPA) or 
UVB radiation can induce tumorigenesis leading to sarcoma or papilloma 
development respectively. Whereas s.c. MCA injection generates sarcomas 
(325), intradermal (i.d.) injection can give rise to skin carcinomas (331). 
Carcinogen induced tumours are highly heterogeneous with respect to their 
developmental kinetics and mutational load (332) and tend to depend upon overt 
inflammation for their induction (325), which may modulate anti-tumour immune 
responses. 
 
Most commonly, immortalised tumour cell lines can be propagated in vitro and 
transplanted to mice to generate solid and haematological tumours. The B16 
melanoma cell line is the most frequently used murine transplantable melanoma 
model and may be injected s.c. or i.d. to give rise to skin-localised tumours or 
intravenously (i.v.) to give rise to lung-tropic tumours (333, 334). B16 melanoma 
cells were originally derived from a spontaneously arising tumour found in B6 
mice (335) and passaged in vivo to generate B16F1 and B16F10 cell lines with 
heightened metastatic potential (334, 336). Other commonly employed cell lines  



Figure 1.2. Models used to study anti-tumour immunity in mice. (a) The DNA-damaging 
agents methylcholanthrene (MCA) or dimethylbenzanthracene/12-O-tetradecanoylphor-
bol-13-acetate (DMBA/TPA) are injected s.c. or applied topically, or mice are exposed to UVB 
radiation, leading to skin sarcoma or papilloma formation. (b) Cell lines derived from progressor 
MCA induced sarcomas or from spontaneous in vivo and/or in vitro passaged mouse tumours 
are transplanted to mice via the s.c. or i.d. routes to generate skin-proximal tumours, or via the 
i.v. route to generate disseminated lung cancer reminiscent of metastatic disease. (c) Geneti-
cally modified mouse lines with constitutive or doxycycline (dox) inducible gene mutations or 
insertions eventually develop tumours in a specific tissue site because of cellular transforma-
tion and carcinogenesis induced by gene editing.
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include those derived from carcinogen-induced MCA sarcomas and MC38 colon 
cancer cells, which are usually transplanted to mice s.c.. Transplantable tumour 
models are limited in that they involve the use of genetically identical and ‘pre-
edited’ cancer cell clones that may be lowly immunogenic and are usually 
transplanted ectopically rather than orthotopically (332). Additionally, whereas 
human melanomas usually harbour activating mutations in B-Raf and/or Ras 
pathways (337, 338), B16 cells are not characterised by Braf deletion (334, 339) 
and their malignancy depends upon alternate mechanisms including loss of 
Cdkn2a and mutations in p53 and Pten (334, 339, 340), meaning that the growth 
and biology of these cells may not accurately recapitulate common human 
cancers. 
 
Alternatively, the immune response to tumour development can be studied in 
mice with constitutive or inducible genetic mutations that promote cellular 
transformation within a specific tissue compartment. Common oncogenic models 
include RIP-Tag mice that develop pancreatic cancer, PyMT mice that develop 
breast cancer and Transgenic Adenocarcinoma of the Mouse Prostate (TRAMP) 
mice that develop prostate cancer. An advantage of oncogenic models is that 
spontaneous anti-tumour immune responses are not influenced by bystander 
inflammation induced by cell or compound injection or by heterotopic 
displacement. However, tissue transformation in oncogenic models is usually 
extensive or universal, whereas tumorigenesis usually first occurs with very few 
or even individual abnormal cells in natural settings (332). 
 

1.4.4 Natural immune responses to cancer 
 
The concept of constitutive tumour immunosurveillance rests principally on the 
observation that immunocompromised mice experience an increase in the 
evolution and outgrowth of spontaneous oncogenic, carcinogen-induced or 
transplantable tumours. Recombination-activating gene (Rag) deficient mice that 
lack adaptive immunity are more susceptible to tumour development than their 
wild-type (WT) counterparts (326, 329, 341, 342). CD8+ T cells in particular 
appear to be critically important for constitutive surveillance, as depletion of CD8+ 
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T cells prior to oncogene induction (341) or tumour cell implantation (329, 343-
346) promotes cancer development. Innate immune cells also contribute to 
tumour immune surveillance or carcinogenesis. Mice lacking or possessing 
dysfunctional NK cells (273, 347-350), lacking the NK cell receptor NKG2D (351), 
lacking NKT cells (347, 352, 353) or lacking γδT cells (354-356) are all more 
susceptible to aggressive tumour growth in particular settings. However, NK cells 
are not required for rejection of transplantable MCA tumours (357) or oncogenic 
breast cancer (358). ILCs have also been implicated in tumour control (359) and 
carcinogenesis (360-362) and innate-like T cells have been shown to suppress 
breast cancer progression (358). 
 
Mice lacking an intact IFNγ signalling pathway are also compromised in their 
ability to reject both spontaneously arising or induced tumours, denoting one 
mechanism through which immune cells may restrain tumour outgrowth. Mice 
deficient in IFNγ or IFNγR display increased susceptibility to carcinogen induced 
(331, 363, 364) and transplantable (365) tumours, as well as naturally arising 
epithelial tumours (366, 367). Furthermore, the absence of Signal transducer and 
activator of transcription 1 (Stat1), which mediates both IFNγ and Type I IFN 
signalling, augments predisposition (329, 364). Type I Interferon (357), perforin 
(347, 363, 365, 366) and TNF (365, 368-370) or TRAIL deficient (371, 372) mice 
also tend to be more susceptible to tumour development, although some studies 
indicate TNF-/- mice are more resistant (373), suggesting that the tumour model 
employed may influence the perceived role of cytokines in tumour development. 
In line with this, inflammatory mediators such as MyD88, IL-17 and IFNγ may 
increase susceptibility to carcinogen induced tumours (368, 374, 375). 
Spontaneous tumour-specific CD8+ T cell responses are frequently observed in 
tumour-bearing mice, indicating that the immune system can recognise and 
respond to abhorrent host-cell growth without intervention (232, 346, 376-384). 
These tumour-specific CD8+ T cells may contribute to cancer rejection or control 
(343, 344, 376, 384-386). 
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Evidence for tumour immunosurveillance in humans includes increased 
incidence of cancer in individuals with genetic immune deficiencies and 
immunosuppressed patients (325, 387-389). Natural systemic immune 
responses directed against tumour antigens are frequently observed in both 
healthy (390) and cancer patients (390-395) and may associate with 
spontaneous tumour regression (396). T cell responses to pre-malignant cells 
can also be observed in humans, indicating that the human immune system can 
recognize and control cancer during the tumorigenesis phase (397). The 
presence of TIL positively correlates with disease-free survival and improved 
patient outcomes for a wide variety of solid cancers (398-407). Both the location 
and quality of TIL responses can influence cancer progression. In colorectal 
cancers and melanoma, immune composition differs in the core and margin of 
tumours (408, 409) and presence of TIL in either the invasive margin (398, 410, 
411), in the epithelial layer (398, 412), in the tumour core (413-415) or both (404, 
416) can be beneficial. Enhanced tumour control is typically associated with a 
cytotoxic or Th1 immune signature (399, 408, 417-419) and with accumulation of 
intratumoural memory T cells (401, 420). Collectively, these observations 
suggest that an intact immune compartment senses and provides heightened 
protection against the outgrowth of malignant cells to maintain tissue 
homeostasis. 
 

1.4.5 Tumour immunoediting 
 
As the immune system works to eliminate transformed cells, it concurrently and 
inevitably promotes eventual tumour escape by selecting for less immunogenic 
variants. This notion of ‘immunoediting’ was initially supported by the observation 
that MCA-induced tumours developing in the absence of adaptive immune 
influence (Rag2-/- or Nude derived) are rejected more easily upon transplant to 
mice possessing an intact immune compartment than tumours generated in WT 
donors (329, 385, 421). Tumours that do emerge in WT mice have often lost 
expression of tumour-specific antigens (341, 422, 423) and late outgrowth of 
these antigen-loss variants occurs in a variety of murine cancer models (343, 
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344, 386). These findings indicate that adaptive cells readily recognise certain 
tumour-specific components that are lost by successful tumours to facilitate 
immune evasion. Although reduced antigen expression and subsequent escape 
frequently results from genetic mutation (422), cancer cells can also evade 
immune recognition by epigenetically downregulating antigen expression (341, 
424, 425) or by reducing expression of antigen processing and presentation 
components (341, 344). Additionally, innate immune cells including NK cells and 
macrophages are capable of mediating immunoediting in the absence of adaptive 
immune cells (348). 
 
Loss of neoantigen expression in metastatic tumours following primary tumour 
ablation has been observed in various human solid cancer settings (426, 427). 
Additionally, tumours with a heightened cytotoxic immune cell gene signature 
display more mutations in MHCI antigen-processing pathways (417), indicating 
that tumour immunoediting can also occur in humans and select for antigen-loss 
variants and less immunogenic clones. 
 

1.4.6 Tumour-immune equilibrium and tumour dormancy 
 
Following tumour recognition, adaptive immune cells are capable of maintaining 
cancerous cells in numbers below the threshold of macroscopic detection in a 
state of subclinical tumour equilibrium. Evidence for equilibrium includes the 
detection of disseminated dormant tumour cells in mice that display no overt signs 
of metastatic disease until CD8+ T cells are depleted (342, 380, 428). Strikingly, 
mice can harbour concealed tumour cells for more than a year after their initial 
genesis. In mice treated with the carcinogen MCA (385, 429) or harbouring p53 
mutations (429), late sarcoma outgrowth can be elicited by depletion of CD4+ and 
CD8+ T cells or by blocking IFNγ or IL-12 signalling. Similarly, UVB-induced 
primary tumours (343) and oncogenic melanoma metastases (376) can be 
maintained at subclinical levels for long periods of time and escape after CD8+ T 
cell ablation. Tumour cells may be maintained by resisting T cell-mediated lysis 
after tumour vaccination (430), in part by increasing expression of inhibitory 
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ligands such as PD-L1, which engages PD-1 on the surface of T cells to dampen 
their activity (431). In some instances, dormancy may also be induced by 
induction of intrinsic replicative senescence, marked by a series of morphological 
and genetic changes (325, 432-434) rather than a balance of tumour cell death 
and proliferation. Escape from dormancy can be accompanied by changes in 
gene expression including upregulation of angiogenic mediators and 
downregulation of TGFβ signaling (435). Whilst the extent to which senescence 
depends on immune mediated control may vary across tumour settings (436, 
437), IFNγ and TNF and CD4+ T cells have been shown to induce replicative 
senescence in oncogenic pancreatic or hepatic cancer cells (369, 438, 439) and 
IFNγ maintains radiation-induced dormancy in a transplantable tumour model 
(440). These findings indicate that the immune system can effectively control 
tumour outgrowth for long periods without completely eliminating malignant cells 
and suggest that, in many instances, palpable cancer may result from the 
eventual defeat of initially competent adaptive immune responses. 
 
The observation that donor-derived malignancies can develop in 
immunosuppressed transplant recipients decades after the donor has been 
declared ‘disease-free’ suggests that immune-mediated tumour equilibrium also 
exists in humans (441). Additionally, surgery to remove primary breast cancer 
tumours can trigger escape of dormant metastatic tumours (442), and circulating 
tumour DNA (443) and disseminated tumour cells (444) can be found up to 
decades after primary tumour removal and predict relapse (445), with the 
possibility of tumour recurrence years after treatment supporting the concept of 
human subclinical tumour equilibrium (325). 
 

1.4.7 The role of TRM cells in tumour surveillance 
  

1.4.7.1 Studies in mice 
 
The majority of studies supporting a protective role for TRM cells in tumour control 
have utilized in vitro activated T cells or prophylactically generated vaccine or 
infection-induced TRM cells, with little focus on the role of endogenously primed 
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tumour-specific CD8+ TRM cell responses. In vitro activated and tumour-specific 
CD8+ T cells engineered to overexpress the tissue-residency driver Runx3 can 
accumulate in tumours and delay tumour progression (262). TRM cells lodged by 
skin infection with Vaccinia virus correlate with improved protection against i.d. 
B16 or mucosal tumour challenge by comparison with systemic vaccination 
protocols that generate negligible TRM cells (446, 447). Furthermore, Vaccinia-
primed (287), DNA-vaccine lodged (448, 449) and autoimmune tumour-boosted 
(191) TRM cells have been shown to protect against transplantable tumour 
challenge when TCIRC cell migration is blocked using FTY720 (191, 287, 449), 
following antibody-mediated CD8+ T cell depletion (191, 448)  or using parabiosis 
(287). However, experiments using FTY720 are complicated by its ability to 
directly suppress tumour growth (450, 451) and to encourage peripheral retention 
of tissue-localising recirculating cells (452). In the same model of head/neck 
tumour challenge, protection was greatly reduced in vaccinated parabionts by 
comparison with FTY720 treated immune mice, even though they also possessed 
circulating cells (449).  
 
TIL derived from exogenously activated T cells similarly express many of the 
genes comprising the murine TRM cell core transcriptional signature (262, 453) 
and can express low levels of surface CD103 in s.c. tumours after exogenous 
stimulation (287, 318, 454) and following intracranial tumour inoculation (232). 
These CD103+CD8+ T cells may mediate tumour regression (232) and loss of 
CD103 encourages tumour escape (191, 318). However, spontaneously tumour-
primed CD8+ T cells infiltrating s.c. or i.d. inoculated melanomas rarely upregulate 
CD103 expression (318, 448, 455). In a mouse model of oncogene-driven 
mammary cancer, non-recirculating innate-like T cells co-expressing CD49a and 
CD103 accumulate during tumour development and share multiple 
characteristics with conventional CD8+ TRM cells. These cells were shown to 
downregulate tissue-egress molecules S1pr1 and Klf2, required IL-15 for their 
survival and were critical for tumour suppression. Loss of IL-15 diminished this T 
cell population and accelerated carcinoma outgrowth whereas IL-15 
overexpression expanded these cells and inhibited tumour progression (358). 



 35 

These findings suggest that the tumour microenvironment supports the 
development of tumour-resident cells that phenotypically parallel TRM cells and 
that can restrain cancerous growth. 
 
These examples suggest that TRM cells correlate with improved protection against 
tumour challenge and may contribute to peripheral tumour immunosurveillance. 
Surprisingly, in vaccination settings resting TCIRC cells appear capable of 
migrating into peripheral tumours where they can protect almost as well as TRM 
cells (287, 448). However, these studies have employed ectopic tumour 
transplantation models that do not restrict tumorigenesis to the epithelium, where 
TRM cells may play a more critical role. Additionally, TCIRC cells responding to 
tumour challenge tend to beget secondary TRM cells, making it difficult to tease 
apart the relative roles of each subset. 
 

1.4.7.1 Studies in humans 
 
In various solid cancers, the presence and frequency of tumour-specific TCIRC 
cells in blood fails to correlate with disease outcome (395, 456-459). To date, the 
most convincing evidence for the existence of spontaneously generated tumour-
specific CD8+ TRM is derived from studies of human solid tumour biopsies. 
Melanoma-specific CD8+ T cells can specifically accumulate in tumours without 
being present in peripheral blood (391, 392) and studies of melanoma (396, 460-
463) and ovarian cancer (464) metastases have shown preferential and uneven 
accumulation of protective TIL within specific lesions, revealing regionalization of 
human tumour-specific CD8+ T cell responses. Infiltration of TIL expressing the 
TRM cell markers CD69 and CD103 and with reduced expression of tissue 
trafficking molecules has been observed in bowel and skin metastases (465). 
Furthermore, CD8+CD103+ TIL have been shown to develop in ovarian (248, 466, 
467), breast (468), colon and colorectal (319, 401, 469), pancreatic (470), lung 
(316, 317), renal (271), cervical (471), endometrial (472) and metastatic 
melanoma (454, 460, 473) cancers, where they often localise to tumour 
epithelium (412, 467, 469, 472, 474) or areas of high E-cadherin density (475), 
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and are associated with prolonged patient survival and favourable prognosis. TIL 
CD103 expression often correlates with tumoural TGFβ production (319, 466) 
and TGFβ can drive CD103+CD8+ T cell infiltration into human tumour islets 
(251). Co-expression of CD103 and PD-1 is frequently observed in human 
cancers (248, 460, 473), suggesting that many of these cells are likely tumour-
specific, although bystander CD103+ TRM cells are also abundant in the tumour 
microenvironment (476). 
 
Perhaps the most striking evidence supporting the existence of intratumoural TRM 
was the recent discovery of CD103+CD8+ T cells that infiltrated epithelial regions 
of lung carcinoma and acquired a transcriptional profile (240, 477) that largely 
paralleled the murine TRM cell core gene signature (179). Like mouse-derived TRM 
cells, lung-cancer localising CD8+CD103+ T cells had low S1pr1 expression but 
high expression of PCDC1 (PD-1), CTLA4 (CTLA-4), HAVCR2 (Tim-3) and Icos 
as well as elevated expression of CD69 and Bcl2, exhibiting enhanced effector 
functions ex vivo and correlating with improved patient outcomes (141, 240, 477). 
Similar CD103+ T cells sharing transcriptional commonalities with murine TRM 
cells and associating with improved prognosis have also been identified in human 
breast cancers (478). Thus, it seems likely that TRM cells commonly develop in 
the human cancer microenvironment where they may provide heightened anti-
tumoural immunity. However, the combination of TGFβ signalling and TCR 
engagement can induce CD103 upregulation (479) and PD-1 expression  (480) 
in TCIRC cells isolated from peripheral blood, and TCR stimulation is required for 
CD103 induction by human tumour-specific T cell clones (267). The extent to 
which CD103 reliably distinguishes genuine TRM cells from recently activated T 
cells in the TGFβ-rich tumour microenvironment is therefore unclear. In line with 
this, many CD103+CD8+ T cells in human lung cancers fail to acquire canonical 
aspects of the TRM cell phenotypic signature including CCR7, Eomes and T-bet 
downregulation (141). 
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1.5 T cell immunity in the tumour microenvironment 
 

1.5.1 Induction of anti-tumour CD8+ T cell responses 
 
Priming of tumour-specific CD8+ T cells in mice requires antigen uptake by 
CD103+ DCs that exit tumours and traffic to draining LNs (481) and cross-
presentation by Batf3+ dendritic cells (11, 425, 455, 482), which is optimally 
enhanced by Type I interferon signalling (357, 483-485) and activation of its 
upstream inducer Stimulator of interferon genes (STING) (425, 486). Consistent 
with this, human tumours with low Type I interferon and Batf3+ DC signatures 
display reduced CD8+ T cell infiltration  (487, 488). In addition to promoting 
tumour-specific CD8+ T cell priming, Type I interferons also promote anti-cancer 
effector function by CD8+ T cells (489) and NK cells (440), restrain 
immunosuppressive tumour-associated macrophage (TAM) development (490) 
and can act directly on tumour cells to prohibit their growth (491). Other cytokines 
such as TNF can also promote tumour-driven CD8+ T cell priming in some 
settings (370). When tumours are innervated by HEVs, naïve CD8+ T cells may 
also be primed within the tumour bed itself (492), lessening dependency on 
migratory DCs. 
 
In some settings, spontaneous priming of tumour-specific CD8+ T cells may not 
occur without additional activating stimuli (493, 494) or may fail to induce tumour 
suppression (495). Tolerisation of tumour-specific CD8+ T cells immediately after 
activation is common and may lead to restricted peripheral migration, reduced 
antigen responsiveness or deletion (496-499). Induction of inefficient CD8+ T cell 
responses may reflect inadequate inflammatory stimuli (67, 500), low levels of 
antigen expression (501) or low avidity of the TCR for antigen (502). CD4+ T cells 
can promote enhanced CD8+ T cell expansion in response to tumours (503, 504) 
but are not always required (505, 506). Protective CD8+ T cells that are activated 
and recruited to the tumour site in the absence of CD4+ T cell help may even 
display enhanced CD103 upregulation (507). However, CD4+ T cells may still 
promote CD8+ T cell anti-tumour responses following help-independent priming 
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by contributing to retention and survival of functional CD8+ T cells in the tumour 
bed by providing cytokines such as IFNγ and IL-2 (508-510). 
 

1.5.2 CD8+ T cell trafficking to the tumour microenvironment 
 
Induction of tissue-homing molecules on tumour-primed CD8+ T cells is dictated 
by the site of tumour implantation (511), and thus particular molecules directing 
migration to the cancer microenvironment likely depend upon the tissue 
compartment in which tumorigenesis occurs (465). However, CXCL9 and 
CXCL10 production by DCs (425), tumour cells (512) or in general (408, 509) 
correlates with increased CD8+ T cell tumour infiltration in a broad array of tumour 
settings (408, 418, 464, 485). Deletion of the human CXCR3 ligand CXCL13 
(513) is associated with relapse in colon cancer (408) and CXCR3 is definitively 
required for trafficking of CD8+ T cells into murine tumours (485, 514). The 
mechanisms necessary for tumour infiltration therefore appear similar to those 
directing early TRM cell precursor migration to barrier tissues. In addition to the 
CXCR3/CXCL9/CXCL10 axis, CCR5 (316, 485), IL-33 (515), TNF (370, 516) can 
all promote tumour infiltration by CD8+ T cells. CD8+ TCIRC cells that temporarily 
expressed KLRG1 are enhanced in their capacity to accumulate in s.c. tumours 
(108), perhaps as a consequence of intermediate expression of the fractalkine 
receptor CX3CR1 (139, 517). Sequestration of CD8+ T cells within tumours does 
not require cognate antigen recognition (518) and is therefore likely dependent 
on continued responsiveness to cytokine gradients or upregulation of adhesion 
gene sets. 
 

1.5.3 Cellular composition of the tumour microenvironment 
 
In addition to stimulatory DCs, effector NK cells, CD4+ and CD8+ T cells, and 
tumour cells, the tumour microenvironment contains multiple other immune and 
structural cells that gradually accumulate over time (519) and promote 
tumorigenesis and disease progression (Fig 1.3). Fibroblasts, myeloid derived 
suppressor cells (MDSC) and TAM collectively comprise the stromal cell 
compartment, which contributes to heightened immune evasion by solid tumours  



Figure 1.3. Cellular networks in the tumour microenvironment. The tumour microenviron-
ment consists not only of cancerous cells but of a network of stromal and immune cells that 
infiltrate the site of tumour development. Stromal cells include cancer-associated fibroblasts 
(CAF), tumour-associated macrophages (TAM) and myeloid derived suppressor cells (MDSC) 
that can promote T cell exclusion from the tumour bed. Immune cells such as NK cells, T cells 
and dendritic cells (DCs) also reside within the tumour microenvironment where they can have 
anti-tumorigenic or pro-tumorigenic effects.
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(520, 521). Fibroblasts produce extracellular matrix components (522, 523) and 
CXCL12 (523, 524) to promote T cell exclusion from the tumour bed, as well as 
proangiogenic factors and inflammatory cytokines (525). MDSC lack markers of 
mature monocytic cells (526) and are recruited to the tumour microenvironment 
by granulocyte-macrophage colony stimulating factor (GMCSF) (325), where 
they can give rise to TAM with a suppressive M2 phenotype preferentially within 
hypoxic and IFNγ deficient areas of the tumour microenvironment (527). MDSC 
and TAM can both contribute to immune suppression by inhibiting CD8+ T cell 
and NK cell function (528, 529) via production of TGFβ (530) or reactive oxygen 
species (ROS) (531) and expression of inhibitory molecules such as PD-L1 (532), 
promoting CD8+ T cell exclusion (488) and stimulating angiogenesis (533). 
Stromal cell destruction via IFNγ and TNF (534) is critical for T cell mediated 
control of s.c. inoculated tumours (534-536). 
 
In conjunction with immunosuppressive innate immune cells, both natural and 
inducible CD4+ Treg cells accumulate in progressively growing solid tumours 
(537). Treg cells can inhibit CD8+ T cell cytolysis (538) by cell-cell contact (539) or 
production of TGFβ and modification of APCs in the tumour bed (540). Treg cell 
infiltration correlates with reduced patient survival in a variety of solid cancers 
(539, 541, 542) and ablating Treg cells allows for tumour destruction (387, 541, 
543). However, Treg cells can also be associated with improved locoregional 
control of tumour growth (544) and may predict improved survival in some 
cancers (545), highlighting their complex role in tumour progression. 
 

1.5.4 T cell responses in the tumour microenvironment  
 
To execute effector functions within the tumour microenvironment and curtail 
cancer development, T cells must recognize cognate antigen expressed by 
cross-presenting stromal cells or APC (520, 546) or directly on tumour cells that 
retain high MHCI and/or ectopic MHCII expression (402). Antigen recognition will 
trigger responding T cells to produce a network of cytokines and effector 
molecules that serve to eliminate tumour cells or control their growth. 
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1.5.4.1 Anti-tumour functions of IFNγ and TNF 
 
Regression and restraint of established tumours frequently involves the action of 
IFNγ (369, 547-550) but the exact source of this cytokine and the context in which 
it is required can vary. For instance, CD8+ T cell derived IFNγ may be 
unnecessary in WT hosts but required when the recipient is also IFNγ deficient 
(365). In some cases, IFNγ–/– CD8+ T cells are capable of inducing initial 
regression of established tumours but fail to prevent relapse (535, 536). In other 
models, low numbers of IFNγ–/– cells are usually unable to induce tumour 
regression, but the same cells supplied in larger doses can eliminate tumour 
burden (551, 552). Finally, in some models IFNγ does not appear necessary at 
any stage of tumour rejection (553, 554). The mechanisms through which IFNγ 
could potentially coordinate anti-tumoural immunity are plenteous. Tumour cells 
including B16 melanoma cells express low levels of MHCI in vitro (555, 556) but 
upregulate MHCI in vivo (557). IFNγ induces expression of MHCI on tumour cells 
in culture (557, 558) and renders previously insensitive tumour cells susceptible 
to killing or control by CD8+ effector T cells (557, 559, 560). One role of IFNγ is 
therefore to enhance antigen presentation by tumour cells and cross-presenting 
stromal cells to facilitate cancer recognition (520, 535, 559), and tumour cells 
often need to be directly sensitive to the actions of IFNγ to permit elimination by 
CD8+ T cells (364, 561) or to induce intrinsic tumour cell senescence or apoptosis 
(369, 438, 560). IFNγ is also a master regulator of host-immunity and can induce 
DC maturation (562), upregulate chemokine expression (81), inhibit 
angiogenesis and Treg cells (563, 564) and engender Th1 cell responses and 
effector cell functions that are associated with improved tumour rejection (438, 
565). However, IFNγ can also negatively affect tumour control by recruiting 
MDSC to the tumour microenvironment (547, 566, 567), driving inhibitory 
molecule expression (566, 568, 569) and promoting genetic instability of cancer 
cells (570). 
 
TNF may also induce tumour cell (384, 571) or stromal cell (534) destruction and 
promote equilibrium (424, 535). TNF can suppress cancer cell growth in vitro 
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(572) and tumour cells engineered to overexpress TNF appear predestined for 
dormancy (573, 574) or spontaneous rejection (575) in vivo. TNF may act directly 
on tumour cells (576), promote recruitment of innate cells (577) and T cells (370) 
to the tumour bed and activate immune cells within the cancer microenvironment. 
 
The particular range of effector molecules required for tumour eradication is 
highly dependent upon the type of cancer and the context in which it develops. 
One notable example of this is the observation that CD4+ effector T cells promote 
tumour dormancy when both IFNγ and TNF signalling are permitted but 
accelerate tumour development when either pathway is disrupted (369, 578). 
IFNγ may be required to sensitise tumour cells to TNF anti-tumour effects (506). 
Although TIL generally require local antigen recognition to acquire and execute 
effector function (494, 518), CD4+ and CD8+ T cells can engage in bystander 
killing of antigen deficient tumour and stromal cells (579) by producing cytokines 
including IFNγ and TNF (534, 536). 
 

1.5.4.2 Cytolytic functions of anti-tumour CD8+ T cells 
 
Perforin is often dispensable for CD8+ effector T cell-mediated solid tumour 
regression (550, 552, 571, 580), suggesting elimination of tumour cells can occur 
independently of contact cytolysis (548). However, effector CD8+ T cells do 
require perforin to eliminate tumour cells in some settings (423, 551, 581, 582) 
and memory CD8+ T cells may require perforin to protect against tumour 
challenge (580) and prevent relapse (536). IL-15 can activate bystander killing by 
TIL (423), perhaps by enhancing cytotoxic molecule expression in resting or 
hyporeactive CD8+ T cells (233), although this process appears to be less 
efficient within the tumour microenvironment (453). Interactions of CD103 with E-
cadherin facilitate CD8+ T cell mediated lysis of autologous tumour cells in vitro 
(267, 314, 466, 479) and in some murine tumours (316). However, blocking 
CD103 does not reliably diminish tumour cell killing in all settings (319, 447) and 
loss of CD103 in vivo has been shown to impair graft-versus-host autoimmune 
reactions without obstructing tumour elimination (583). 
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1.5.5 Cytokine milieu of the tumour microenvironment 
 
Stromal and effector immune cells in the tumour bed can produce a myriad of 
cytokines that may affect TIL differentiation, survival and maintenance. Whether 
TRM cells can develop and survive within tumours may hinge on the availability of 
cytokines promoting their differentiation. Tumour cells and intratumoural immune 
cells can express TGFβ (584, 585) and IL-15 (586, 587) receptors that could 
sequester these molecules from CD8+ T cells and discourage TRM cell 
development or survival. However, as the repertoire of factors promoting TRM cell 
differentiation and maintenance can be tissue or infection dependent, TRM cells 
developing within the tumour microenvironment might also demonstrate unique 
requirements for differentiation and persistence. 
 
The role for TGFβ is difficult to parse in the dynamic tumour-immune landscape. 
TGFβ expression is usually elevated in the tumour microenvironment (588) and 
is produced by both malignant cells and tumour-infiltrating immune cells (589-
591). TGFβ plays a suppressive role in the early stages of carcinogenesis by 
preventing illicit cell division (588). However, malignant cells frequently inactivate 
TGFβ-signalling components to escape regulated cytostasis or apoptosis and 
assume progressive growth (592, 593). Once intrinsic sensitivity to TGFβ has 
been reversed, saturation of the tumour microenvironment with TGFβ can 
actively promote cancer progression by negatively regulating anti-tumoural 
immunity. Whereas TGFβ promotes TRM cell differentiation, its wider effects are 
typically immunosuppressive and can dampen anti-tumour CD8+ T cell effector 
function (594, 595) and proliferation (596), suppress DC maturation (597), 
dysregulate NK cell phenotype (273, 350), elevate PD-1 expression (480, 598), 
promote MDSC development (595) and induce Treg or Th2 cell differentiation 
(599, 600). TGFβ production also promotes CD8+ T cell exclusion, instead 
promoting accumulation in the tumour parenchyma and limiting anti-tumour 
immunity (601, 602). As such, TGFβ production is typically associated with poor 
outcome in established human cancers (593) and TGFβ inhibition can catalyse 
tumour rejection (601, 602). 
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IL-15 can also be produced by malignant or immune cells in the tumour 
microenvironment (603). Unlike TGFβ, IL-15 signalling generally correlates with 
heightened immunosurveillance and favourable outcome in cancer. IL-15 
promotes spontaneous infiltration of oncogenic breast cancers by innate-like T 
cells (358) and CD8+ T cells (453) and their commitment to a residency fate (358). 
Delivery of exogenous IL-15 promotes anti-tumoural immunity by stimulating 
CD8+ TIL (213, 423, 604, 605). In human cancer, expression of IL-15 is 
associated with intratumoural CD8+ and memory T cell accumulation and patient 
survival (473, 606) whereas its deletion correlates with tumoural relapse (418). 
 

1.5.6 T cell dysfunction in the tumour microenvironment 
 
In some cases, priming of naïve CD8+ T cells by tumour cells alone generates a 
productive response sufficient to induce tumour regression (232, 492, 607) or to 
delay cancer progression (377, 384, 386). However, detectable anti-tumour CD8+ 
T cell responses are often incapable of controlling tumour outgrowth (377, 495, 
505), even when abundant naïve tumour-specific T cells are available (346, 494, 
608). Tolerisation or improper activation of CD8+ T cells can explain failed anti-
tumour responses (495) but this is not absolute (346). In one pertinent study, 
CD8+ T cells successfully rejected an allogeneic skin graft but not an antigenically 
identical tumour implanted on opposing flanks of the same mouse (609). These 
findings suggest that complex contextual factors dictate the effectiveness of 
spontaneous anti-tumour CD8+ T cell responses and highlight the importance of 
assessing effector functions of cells localised to the tumour site. Consistent with 
this, TIL accumulation correlates with improved tumour control in murine solid 
tumour models, with systemic expansion frequently insufficient to predict 
outcome (386, 447). Whilst some deficiencies in prolonged T cell function can be 
attributed to immunoselection and gradual reshaping of the mutational repertoire 
(344, 423), T cells can also fail to eradicate tumours that retain expression of their 
cognate antigen because of intrinsic dysfunction. 
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CD8+ T cell functionality may be acutely diminished following entry to the tumour 
microenvironment (318), even if activity is preserved in the blood (318, 457, 458). 
Cancer and stromal cells may dampen T cell function by competing for metabolic 
fuels such as glucose (610-612) and amino acids (613), or by producing 
immunosuppressive lactic acid (614). Oxidative metabolism is suppressed in TIL 
(615), and these cells upregulate Hypoxia inducible factor 1 α (HIF1α) expression 
in the hypoxic tumour microenvironment, driving constitutive glycolysis (616, 617) 
and promoting continued effector function (616, 618, 619) and inhibitory receptor 
expression (616, 620) at the expense of classical TCM cell formation (617, 621).  
 
Tumour-localised CD8+ T cells frequently assume an ‘exhausted’ phenotype 
(378, 386, 457-459) characterised by abridged cytokine production and cytolytic 
capacity (622, 623). Acquisition of this dysfunctional state is catalyzed by 
persistent antigen and can be imprinted rapidly within the tumour 
microenvironment (496, 624) or during chronic infection (625), but is 
characterised by a gradual loss of effector function (138, 626). The transcriptional 
signature of exhausted T cells overlaps considerably with that of activated T cells 
but is ultimately distinct from that of effector and memory T cells (141, 627) and 
maintained epigenetically (628, 629) even when antigen is lost (630). 
Permanently dysfunctional T cells specific for antigen-loss variants are retained 
within the tumour bed and may negatively regulate de novo TIL responses by 
acting as sinks for cytokines such as IL-15 (631). Given that TRM cells persist 
independently of antigen and are not easily displaced from peripheral tissues 
(198), tissue-localising exhausted T cells that aquire phenotypic hallmarks of TRM 
cells and have been observed to infiltrate solid tumours (141) may detract from 
novel effective T cell responses directed against neoantigens. In support of this, 
bystander TRM cells specific for respiratory pathogens remain trapped within 
transformed lung tissue where they may correlate with poorer responses to PD-
1 targeted therapy (476). 
 
T cell exhaustion has classically been associated with the up-regulation of 
negative regulatory molecules on the cell surface including PD-1, CTLA-4, TIM-
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3 and LAG-3 (138, 632, 633). The interaction of PD-1 with PD-L1 expressed by 
stromal cells and tumour cells (459, 634) inhibits T cell function by dampening 
TCR signaling (635) and CD28-mediated costimulation (636). Since PD-L1 
expression is upregulated in response to IFNγ, CD8+ T cells can elicit their own 
dysfunction in a negative feedback loop (637). Ligation of PD-1 diminishes 
cytokine production (462, 558, 634) and alters the metabolic and proliferative 
capacities of T cells (247, 638, 639). Accordingly, expression of PD-1 or PD-L1 
correlates with poor prognosis in a variety of cancer settings (640, 641). However, 
expression of PD-1 alone is typically insufficient to designate complete 
exhaustion (488, 642, 643), and the most obstinate of dysfunctional T cells co-
express multiple inhibitory receptors (644-648). Expression of inhibitory immune 
checkpoint molecules is usually confined to the tumour microenvironment and 
LN, whereas peripheral and systemic cells retain functionality (390, 457-459, 
649), emphasising the importance of analysing local immune activity at the 
tumour site. 
 
Extensive heterogeneity exists within the exhausted T cell compartment, with fully 
dysfunctional cells exhibiting high T-bet and low Eomes expression (133, 625, 
650) and more proliferative and stem-like cells characterised by CXCR5 and Tcf7 
expression (651, 652). Given that the TRM cell differentiation factor Runx3 
opposes CXCR5/Tcf7 imprinting (653), the ability of potentially dysregulated TRM 
cells to maintain stem-like properties in the context of chronic antigen stimulation 
is unclear. However, resting TRM cells can tolerate surface inhibitory molecule 
expression to mediate effector function and divide (198) upon reactivation, and 
possess heightened functionality compared to other exhausted TIL populations 
(141). Other extrinsic mechanisms of immune suppression such as MDSC and 
TAM activity (325, 547, 654, 655) and Treg cell induction (541) can also contribute 
to dysregulation of CD8+ T cell function in both interconnected and discrete 
manners.  

 
 
1.5.7 The immune response to B16 melanoma 
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Analysis of the immune response to B16 melanoma is most commonly performed 
following ectopic s.c. or i.d. transplant to the flank or i.v. infusion of cancer cells. 
Whilst B16 melanoma possesses a variety of immunogenic mutations that could 
theoretically prime an endogenous CD8+ T cell response (339), the B16 cell line 
displays notoriously low immunogenicity (656, 657) due to limited expression of 
MHCI and MHCII (557, 658, 659) prior to tumour establishment in vivo (557). The 
consequence of this low immunogenicity is reflected in the inability of primary B16 
immunisation to generate a protective memory response against secondary 
challenge (333, 660). 
 
S.c. or i.d. inoculated B16 cells engineered to express virally derived proteins can 
variably prime a CD8+ T cell response (379, 661) specific to the model neoantigen 
and capable of mediating some control against tumour development (378), but 
that ultimately fails to suppress tumour progression (378, 608). Priming of this 
CD8+ T cell response requires cross-presentation in SLOs but not CD4+ T cell 
help (563). CD8+ T cells usually require exogenous activating stimuli such as 
adjuvanted vaccines, infection or IL-2 treatment, or targeted Treg cell depletion in 
order to infiltrate flank implanted B16 tumours and mediate melanoma regression 
(191, 493, 518, 608, 656), and the majority of immune cells recruited into s.c. B16 
tumours without extrinsic intervention are actually immunosuppressive MDSC 
(547). As such, CD8+ T cells that enter the B16 tumour microenvironment typically 
express high levels of inhibitory surface receptors (662) and are likely 
dysfunctional, and B16 melanomas are mostly resistant to PD-1 and CTLA-4 
checkpoint blockade inhibition without additional intervention (663, 664) (see 
Section 1.6.4). 
 

1.6 Immunotherapies 
 

1.6.1 Conventional cancer therapies 
 
Treatment of both hematological and solid cancers has traditionally relied upon 
administration of pharmaceutical agents or radiation therapies, the efficacy of 
which was not thought to depend upon immune cell activity. However, it is now 
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clear that the likelihood of patients responding favourably to chemotherapy 
depends upon basal innate immune activation (665, 666), pre-existing tumour-
immune context (667) and induction of de novo anti-tumour immune responses 
(668). Similarly, tumour regression following radiation treatment depends upon 
activation of CD8+ T cell responses and immune-mediated clearance (669, 670). 
Increasingly, chemotherapies and radiation therapies are being supplemented or 
displaced by the next generation immunotherapeutic treatment regimes 
described below. 
 

1.6.2 Tumour vaccination  
 
Tumour vaccination relies on the principal that anti-tumour CD8+ T cell responses 
are evoked more consistently by supplementation with potent congruent stimuli. 
In support of this, concurrent viral infection can induce pancreatic tumour 
regression (494) and therapeutic vaccination regimes promote tumour rejection 
(557, 608) and license TIL accumulation (379, 518). Human CD8+ T cells induced 
by vaccination can induce tumour regression in a variety of settings (391, 432, 
671). However, the route of tumour vaccination can influence the distribution and 
phenotype of CD8+ T cells and thus their ability to protect against tumour growth 
(447, 672, 673), and human tumour vaccines that generate TCIRC cells may fail to 
induce anti-tumour immune responses within the cancer microenvironment (458). 
 

1.6.3 Adoptive cell therapies  
 
Adoptive cell therapy (ACT) involves delivery of exogenously activated tumour-
specific T cells to stimulate potent regression of solid tumours (674-679).Transfer 
of in vitro activated effector CD8+ T cells to tumour-bearing mice often triggers 
tumour regression (493, 535, 546) with high affinity, early-effector or central 
memory T cells providing enhanced protection (493, 546, 680, 681). CD8+ T cells 
activated ex vivo can also mediate bystander elimination of antigen-loss variants 
in the tumour microenvironment (423, 536) and promote de novo endogenous T 
cell responses directed against alternate antigens (426, 682). However, transfer 
of activated CD8+ T cells is not always effective, especially without concomitant 
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IL-2 or IL-15 administration (383, 605, 683) or lymphodepletion (493), and the 
protection these cells provide may wane with time (423, 547, 554) either as a 
result of antigen loss (684, 685) or T cell dysregulation. In a similar fashion, ACT 
treatment in humans is usually characterised by stunted durability and incomplete 
response rates (686) and T cells may fail to localize to or persist within tumours 
following transfer (687). Recent clinical advances have led to the use of cancer-
lineage specific genetically modified chimeric antigen receptor (CAR) T cells to 
treat patients, with promising efficacy in haematological settings (688, 689). 
However, use of CAR T cells to eradicate cancer cells in the immunosuppressive 
solid tumour microenvironment may be more difficult (690). 
 

1.6.4 Checkpoint blockade inhibition  
 
Immune-checkpoint blockade targeting PD-1 (691), PD-L1 (692) or CTLA-4 (693) 
can reinvigorate CD8+ T cells to induce tumour regression (411, 612, 637, 694). 
Anti-PD-1 and anti-CTLA-4 treatments act through distinct mechanisms to 
stimulate tumour control (695, 696). PD-1 targeted blockade lowers the intrinsic 
T cell activation threshold (635, 636) to increase IFNγ and TNF production (694), 
whereas anti-CTLA-4 therapy may induce Treg cell depletion (669, 697, 698), 
reverse T cell paralysis (699) and induce memory cell induction (700). As such, 
antibodies targeting these checkpoint molecules can synergise when co-
administered to enhance anti-tumour immunity (637, 664, 701, 702). 
 
Checkpoint blockade inhibitors usually act upon pre-existing CD8+ T cell 
responses to induce tumour regression (411, 694, 703, 704) but may also 
broaden the anti-tumour T cell repertoire (705). Only certain populations of pre-
existing tumour-reactive T cells will proliferate in response to checkpoint blockade 
therapy (381, 651, 695). Importantly, CD8+ TRM cells infiltrating human (240, 477) 
or mouse (449) tumours often express inhibitory molecules relevant to clinical 
checkpoint inhibition. In some instances, reinvigorated CD8+ T cells pre-existing 
within the tumour tissue are sufficient to induce regression following checkpoint 
blockade when TCIRC cell infiltration is blocked using FTY720 (637, 646, 704, 
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706), indicating that tumour TRM cells may serve as primary targets of checkpoint 
therapies. In support of this, blockade of PD-1 can enhance TRM cell effector 
functions in vitro (242, 477) and TRM cell phenotype cells are expanded in 
melanoma metastases following checkpoint blockade (473). However, TCIRC cell 
renvigoration is critical for tumour regression in some models (707, 708), 
indicating that the autonomy of putative TRM cells in coordinating tumour 
regression may vary depending on cancer context and treatment regimes. 
 

1.7 Aims 
 
The vast majority of cancers arising in humans are epithelial-cell derived 
carcinomas. Given that immunocompromised mice develop more tumours of 
epithelial origin (329, 351, 353, 366, 377), immunoediting by adaptive immune 
cells appears to take place in epithelial tissues. However, it has been 
demonstrated that cells residing in epithelial compartments of peripheral organs 
such as the skin can be protected from elimination. Transfer of male CD8+ T cells 
to female recipient mice triggers an anti-male rejection response that removes 
male cells from the circulation but spares male-derived CD8+ memory T cells in 
the epidermis (156). Similar to TCIRC cells generated following infection, tumour-
specific TCIRC cells may fail to infiltrate peripheral tissues containing cancerous 
cells and reject developing tumours (213, 383), especially when very few 
malignant cells are present and tissue inflammation is negligible. These findings 
suggest that peripheral tissues, and particularly their epithelial layers, are granted 
some degree of immune privilege at the steady state. As such, the mechanism 
through which these tissue compartments remain permissive to ongoing adaptive 
tumour surveillance is unclear. CD8+ TRM cells infiltrate and persist long-term 
within epithelial compartments. This cellular subset may therefore account for 
successful immune surveillance of peripheral epithelial tissues. Interestingly, 
epithelial-residing human resident CD8+ memory T cells specific for latent 
infections inhibit symptomatic episodes by accumulating around HSV-infected 
genital nerve endings and rapidly containing bouts of viral recrudescence to 



 51 

uphold a state of ‘viral-immune equilibrium’ without completely eliminating virus 
(305), similar in theory to the notion of subclinical ‘cancer-immune equilibrium’. 
 
Studies interrogating the role of TRM cells in anti-tumour immunity have generally 
bypassed analyses of spontaneous tumour surveillance and have mostly 
employed ectopic models of tumour implantation, without examining epithelial-
constrained cancer growth (191, 287, 448). To this end, this thesis aims to 
evaluate the kinetics and relevance of anti-tumour TRM cell responses following 
targeted delivery of cancer cells to the epithelium. We hypothesise that cancer-
primed TRM cells are spawned during tumorigenesis, mediate cancer surveillance 
and are critical to suppress cancer growth in peripheral tissues. We predict that 
these cells can engage in immunoediting to induce tumour elimination or maintain 
cancer-immune equilibrium, and that induction or augmentation of TRM cell 
responses will enhance tumour control. 
 
Specifically, this thesis will:  
 

1) Optimise and characterise an epicutaneous model of B16 melanoma that 
confines tumour growth to the superficial layers of the skin and 
characterise the CD8+ T cell response to melanoma inoculation 
 

2) Assess the capacity of tumour-specific TRM cells to protect against 
epicutaneously inoculated B16 melanoma relative to TCIRC cells 
 
 

3) Determine the mechanisms by which TRM cells protect against 
epicutaneously inoculated melanoma and whether enhancing generation 
or targeting of these cells can improve tumour control 
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Chapter 2: Materials & Methods 
 

2.1 Materials 
 
2.1.1 Mice 
 
Strain Description 
C57BL/6 (B6) Express MHC class I H-2b and MHC class II I-Ab and congenic 

marker CD45.2 
B6. 
SJL.PtprcaPep3b/
BoyJ .IL15-/- 

B6.Ly5.1 mice that lack IL-15 due to targeted gene deletion 

B6.Cd69-/- B6 mice that lack CD69 due to targeted gene deletion 
B6.Cish-/- B6 mice that lack Cytokine-inducible SH2 containing protein 

(CIS) due to targeted gene deletion (709). Kindly donated by 
the laboratory of Dr Nicholas Huntington at the Walter and Eliza 
Hall Institute of Medical Research (WEHI). Mice bred and 
maintained at WEHI. 

B6.IFNaR2-/- B6 mice that lack the Type I Interferon Receptor 2 due to 
targted gene deletion 

B6.IFNg-/- B6 mice that lack IFNγ due to targeted gene deletion 
B6.Ighm-/- 
(B6.µMT) 

B6 mice that lack B cells due to targeted deletion of the 
immunoglobulin heavy chain 

B6.IL15-/- B6 mice that lack IL-15 due to targeted gene deletion 
B6.Itgae-/- 
(CD103-/-) 

B6 mice that lack CD103 due to targeted gene deletion 

B6.Pfp-/- B6 mice that lack perforin due to targeted gene deletion 
B6.Rag1-/- B6 mice that lack Rag1 due to targeted gene deletion 
B6.Rag2-/- x Il2rg-
/- 

B6 mice that lack Rag2 and the common γ chain of the IL-2 
receptor due to targeted gene deletion 

B6.SJL.PtprcaPe
p3b/BoyJ 
(B6.Ly5.1) 

B6 mice expressing haemopoietic surface antigen CD45.1 

B6.Sting-/- B6 mice that lack the Stimulator of Interferon Genes (STING) 
due to targeted gene deletion 

B6.TNF-/- B6 mice that lack TNF due to targeted gene deletion 
B6(Cg)-Tyrc-2J/J 
(B6 Albino) 

B6 mice that lack tyrosinase due to targeted gene deletion and 
therefore lack melanin pigment. Purchased from The Jackson 
Laboratory and bred in the Department of Microbiology & 
Immunology, University of Melbourne. 

gBT-I 
 

Express a H-2Kb restricted transgenic TCR specific for the 
HSV-1 glycoprotein B peptide (gB498-505, SSIEFARL) (710) 

gBT-I x B6.Ly5.1 
x Cd69 
(Cd69-/- gBT-I) 

Express a T cell receptor specific for HSV-1 gB498-505 and lack 
CD69 due to targeted gene deletion 

gBT-I x B6.Ly5.1 
x IFNg-/- 

Express a T cell receptor specific for HSV-1 gB498-505 and lack 
IFNγ due to targeted gene deletion 
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(IFNγ-/- gBT-I) 
gBT-I x 
B6.Thy1.1 
(gBT-I.Thy1.1) 

Express a T cell receptor specific for HSV-1 gB498-505 and the 
congenic haematopoietic marker Thy1.1. Generated from 
breeding of gBT-I to B6.Thy1.1 mice. 

gBT-I x B6.uGFP 
(gBT-I.eGFP) 

Express a T cell receptor specific for HSV-1 gB498-505 and 
enhanced green fluorescent protein (eGFP) under the ubiquitin 
promoter. Generated from breeding of gBT-I to B6.uGFP mice. 

gBT-I.xB6.Ly5.1 
x Itgae-/- 

(CD103-/- gBT-I) 

Express a T cell receptor specific for HSV-1 gB498-505 and lack 
CD103 due to targeted gene deletion 

gBT-
I.xB6.SJL.Ptprca
Pep3b/BoyJ 
(gBT-I.CD45.1) 

Express haemopoietic surface antigen CD45.1 (Ly5.1) and T 
cell receptor specific for the HSV-1 gB498-505. Generated from 
breeding of gBT-I mice with B6.Ly5.1 mice 

OT-I Express H-2Kb restricted TCR specific for the SIINFEKL peptide 
of ovalbumin 

OT-I. 
xB6.SJL.PtprcaP
ep3b/BoyJ 
(OT-I.CD45.1) 

Express H-2Kb restricted TCR specific for the SIINFEKL peptide 
of ovalbumin and the haematopoietic marker CD45.1 (711) 

 
All mice listed above were bred under SPF conditions in the Department of 
Microbiology & Immunology at the University of Melbourne unless otherwise 
stated. All mice were female and aged between 6 and 18 weeks of age at the 
beginning of experiments, except for male gBT-I donors used where explicitly 
stated in the text. All animal experiments were approved by the relevant 
University of Melbourne Animal Ethics Committee.  
 
2.1.2 Cell lines 
 
Cell Line Description Source 
B16-gB.Tyr–/–

.mCherry A9.2 
(B16.gB. Tyr–/–

.mCherry) 

Polyclonal B16 melanoma cells 
expressing mCherry, lacking 
tyrosinase due to targeted gene 
deletion and expressing full-
length membrane bound gB and 
enhanced GFP (eGFP) 

Generated by Teagan 
Wagner, Jason 
Waithman Laboratory, 
University of Western 
Australia 

B16-gB.Tyr–/–

.mCherry D8.1 
(B16.gB.Tyr–/–. 
mCherry) 

Polyclonal B16 melanoma cells 
expressing mCherry, lacking 
tyrosinase due to targeted gene 
deletion and expressing full-
length membrane bound gB and 
enhanced GFP (eGFP) 

Generated by Teagan 
Wagner, Jason 
Waithman Laboratory, 
University of Western 
Australia 

B16-gB.Tyr–/–

.mCherry D8.2 
Polyclonal B16 melanoma cells 
expressing mCherry, lacking 

Generated by Teagan 
Wagner, Jason 
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(B16.gB. Tyr–/–

.mCherry) 
tyrosinase due to targeted gene 
deletion and expressing full-
length membrane bound gB and 
enhanced GFP (eGFP) 

Waithman Laboratory, 
University of Western 
Australia 

B16.gB.Luc B16 melanoma expressing full-
length membrane bound gB, a 
puromycin and firefly Luciferase 
fusion protein and enhanced 
GFP (eGFP) 

Dr Jason Waithman 
Laboratory 

B16.OVA B16 melanoma expressing full-
length membrane bound 
ovalbumin and enhanced GFP 
(eGFP) under control of the 
early cytomegalovirus (CMV) 
promoter 

Dr Jason Waithman 
Laboratory 
(712) 

B16.OVA 066 Polyclonal B16 melanoma cell 
line expressing full-length 
membrane bound ovalbumin 
and enhanced GFP (eGFP) and 
sorted to >99% GFP+ purity 

 

B16.Tyr–/–

.mCherry 
B16 melanoma cells expressing 
mCherry that are amelanotic as 
they lack the tyrosinase enzyme 
due to targeted gene deletion 

Generated by Maike 
Effern, Michael Holzel 
Laboratory, University 
of Bonn  

B16F1-
emptyvector-
eGFP (B16.VC) 

B16 melanoma possessing 
empty eGFP pMIG vector under 
control of the early 
cytomegalovirus (CMV) 
promoter 

Dr Jason Waithman 
Laboratory 

B16F1-gB.GFP 
(B16.gB) 

B16 melanoma expressing full-
length membrane bound gB and 
enhanced GFP (eGFP) under 
control of the early 
cytomegalovirus (CMV) 
promoter 

Dr Jason Waithman 
Laboratory 

 
B16.gB and B16.OVA cells were generated by transduction of parental B16 cells 
with retroviral vectors containing a full-length membrane bound form of HSV gB 
and eGFP or full-length OVA protein and eGFP respectively, as previously 
described (712). B16.OVA 066 cells were generated by sorting B16.OVA cells for 
high expression of GFP. B16.gB.Luc cells were generated by transduction of 
B16.gB cells with retroviruses expressing a puromycin 
acetyltransferase/luciferase fusion protein (pacLuc2) using the retroviral 
construct MSCV-ires-pacLuc2, as previously described (712). B16.Tyr–/–
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.mCherry cells were generated by transfecting B16F1 cells with pX330 
expressing a single guide RNA targeting the tyrosinase (Tyr) gene (target 
sequence: TGCCTCCTCTAAGAACTTGT). Single cell clones were established 
and successful genome editing of the tyrosinase gene was verified by NGS using 
the MiSeq platform. A clone (D8) with 1nt insertions in all alleles was selected 
and designated as B16.Tyr–/–. B16.Tyr–/–.mCherry cells were generated by 
retroviral transduction with pRp-mCherry and then expanded as a polyclonal 
culture. Subsequently, B16.Tyr–/–.mCherry cells were transduced with retroviral 
vectors containing full-length membrane bound gB and eGFP to yield 
B16.gB.Tyr–/–.mCherry cells. All B16 cell lines were cultured and passaged in 
Roswell Park Memorial Institute Buffer (RPMI) containing 10% Foetal Calf Serum 
(FCS) and 5% Supplementum Complementum. 
 
2.1.3 Viruses 
 
Virus Description Source 
HSV-1 KOS Herpes Simplex Virus Type 1 

KOS strain 
Dr Stanley Person, John 
Hopkins University, MD, 
USA (713) 

HSV-OVA Herpes Simplex Virus Type 1 
KOS strain that has been 
engineered to express the 
SIINFEKL peptide of OVA 

 

 
2.1.4 Peptides 
 
Peptide Description Source 
SSIEFARL HSV-1 glycoprotein B peptide 

gB498-505  
Auspep, Australia (714, 
715) 

SIINFEKL Ovalbumin peptide Auspep, Australia 
 
2.1.4 General Reagents 
 
Reagent Source 
10mL syringe Terumo, Australia 
10X Trypsin + EDTA Sigma Aldrich, USA 
18G needle Terumo, Australia 
1mL syringe Terumo, Australia 
2-mercaptoethanol Sigma Aldrich, USA 
2,4-Dinitrofluorobenzene (DNFB) Sigma Aldrich, USA 
21G needle Terumo, Australia 
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24 well flat bottom plate Corning, USA 
26G needle Terumo, Australia 
30G syringe BD Biosciences, USA 
3mL syringe Terumo, Australia 
Acetone Chem Supply, Australia 
AnnexinV Staining Kit (FITC) BD Biosciences 
Benzylpenicillin CSL, Australia 
Bovine Serum Albumin (BSA) Sigma Aldrich, USA 
Brefeldin A (BFA) Sigma Aldrich, USA 
Cell strainer, 30µm Miltenyi Biotec, Germany 
Cell strainer, 40µm Sigma Aldrich, USA 
Cell strainer, 70µm Miltenyi Biotec, Germany 
Collagenase Type III Worthington, USA 
D-Luciferin Potassium Salt Thermofisher Scientific 
Dimethyl sulphoxide (DMSO) Sigma Aldrich, USA 
Dispase II Roche, Germany 
DNase I Roche, Germany 
DNeasy blood and tissue kit Qiagen, Germany 
EDTA, tetrasodium salt dihydrate Sigma Aldrich, USA 
FCS CSL, Australia 
Goat anti-rat IgG magnetic beads Qiagen, Germany 
Hanks Buffered Salt Solution (HBSS) Media Preparation Unit, 

Dept. Microbiology & 
Immunology, University 
of Melbourne, Australia 

HEPES Merck, USA 
Ionomycin Sigma Aldrich, USA 
Isoflurane Cenvet, Australia 
L-glutamine  
Liberase™ TL Research Grade Sigma Aldrich, USA 
Magnetic column Life Technologies, USA 
Metal sieve Sefar Metal Mesh, 

Australia 
Normal donkey serum Merck, USA 
Olive oil Colavita, Italy 
Percoll VWR International, USA 
Phorbol 12-myristate 13-acetate (PMA) Sigma Aldrich, USA 
Phosphate Buffered Saline (PBS) Media Preparation Unit, 

Dept. Microbiology & 
Immunology, University 
of Melbourne, Australia 

Polypropylene round-bottom FACS tubes (5mL) BD Biosciences, USA 
Propridium Iodide Sigma Aldrich, USA 
Protein block solution DAKO, Glostrup, 

Denmark 
Recombinant human IL-2 Peprotech Inc., USA 
Red blood cell lysis buffer (Hybri-Max) Sigma Aldrich, USA 
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RPMI Media Preparation Unit, 
Dept. Microbiology & 
Immunology, University 
of Melbourne, Australia 

Sharp blade VWR International, USA 
Sodium Azide Ajax Finechem, Australia 
SPHERO blank calibration beads (6.0-6.4 µm) BD Pharmingen, USA 
Streptomycin Sigma Aldrich, USA 
Sucrose Chem Supply, Australia 
Tissue culture flasks (T25, T75 and T175) Corning, USA 
Tissue culture petri dish (30mm) Corning, USA 
Tissue culture plates (48 well, 24 well, 96 well) Corning, USA 
Trypan Blue Sigma Aldrich, USA 

 
2.1.4 Media and Solutions 
 
Media/Solution Composition 
44% Percoll 19.8mL Percoll, 2.2mL 10X PBS and 28mL RPMI per 

50mL  
70% Percoll 31.5mL Percoll, 3.5mL 10X PBS, 15mL 1XPBS per 

50mL 
DNA lysis buffer MilliQ H2O containing 50mM Tris, 50mM EDTA, 1% 

SDS to pH 8 
FACS Buffer PBS + 2% FCS 
RP-10 RPMI + 10% FCS + 5% SC 
RP-2 RPMI + 2% FCS + 5% SC 
Supplementum 
Complementum (SC) 

RPMI + 2mg/mL Streptomycin, 100mM HEPES, 40mM 
L-glutamine, 1000U/mL Penicillin, 1mM 2-
Mercaptoethanol 

Tetramer Buffer FACS Buffer + 0.1% Sodium Azide 
Tris EDTA (TE) 100mM Tris-Cl, 10mM EDTA (pH = 8.0) in MilliQ H2O 

 
2.1.5 Epicutaneous cell transfer and HSV flank infection reagents 
 
Reagent Source 
Cotton tip applicator Livingstone, Australia 
Dremel with grindstone attachment Dremel, USA 
Electric shaver Wahl, USA 
Ilium Xylazil Troy Laboratories, Australia 
Ketamine Parnell Laboratories, 

Australia 
Lacri-lube™ lubricating eye gel Allergen Australia, Australia 
Matrigel® Basement Membrane Matrix (IdEV-
Free) 

Corning, USA 

Micropore™ surgical tape 3M, USA 
Op-Site Flexigrid™ Smith and Nephew, UK 
Transpore™ surgical tape 3M, USA 
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Veet™ Reckitt Benckiser, UK 
 
2.1.6 Antibodies and dyes for flow cytometry 
 
Specificity Clone Source (all USA) 
AnnexinV FITC N/A BD Biosciences 
CD101 PeCy7 Moushi101 eBioscience 
CD103 APC 2E7 eBioscience 
CD103 FITC 2E7 eBioscience 
CD103 PerCP Cy5.5 2E7 Biolegend 
CD16/CD32 (Fc Block) 2.4G2 BD Biosciences 
CD244.2 (2B4) FITC eBio244F4 eBioscience 
CD25 BV605 PC61 BD Horizon 
CD25 PE PC61 BD Biosciences 
CD3 Alexa Fluor 700 17A2 BD Biosciences 
CD3 APC 17A2 BD Biosciences 
CD3 BUV395 17A2 BD Horizon 
CD3 BV711 17A2 Biolegend 
CD3 BV785 17A2 Biolegend 
CD3 PE 17A2 BD Biosciences 
CD3 PerCP Cy5.5 17A2 BD Biosciences 
CD44 Alexa Fluor 700 IM7 eBioscience 
CD44 BUV395 IM7 BD Horizon 
CD44 BV510 IM7 BD Horizon 
CD44 FITC IM7 BD Biosciences 
CD44 PeCy7 IM7 BD Biosciences 
CD45.1 Alexa Fluor 700 A20 BD Biosciences 
CD45.1 APC-eFluor 780 A20 eBioscience 
CD45.1 FITC A20 BD Biosciences 
CD45.1 PeCy7 A20 eBioscience 
CD45.2 Alexa Fluor 700 104 BD Biosciences 
CD45.2 APC-eFluor 780 104 eBioscience 
CD45.2 BUV737 104 BD Horizon 
CD45.2 BV786 104 BD Biosciences 
CD62L BV605 MEL-14 BD Horizon 
CD62L PeCy7 MEL-14 eBioscience 
CD62L PerCP Cy5.5 MEL-14 eBioscience 
CD69 APC H1.2F3 BD Biosciences 
CD69 BUV737 H1.2F3 BD Horizon 
CD69 BV605 H1.2F3 Biolegend 
CD69 PE H1.2F3 BD Biosciences 
CD8α Alexa Fluor 700 53-6.7 eBioscience 
CD8α AlexaFluor 780 53-6.7 eBioscience 
CD8α APC 53-6.7 BD Biosciences 
CD8α BUV395 53-6.7 BD Horizon 
CD8α BUV805 53-6.7 BD Horizon 
CD8α BV605 53-6.7 Biolegend 
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CD8α BV711 53-6.7 Biolegend 
CD8α BV785 53-6.7 Biolegend 
CD8α FITC 53-6.7 BD Biosciences 
CD8β Alexa Fluor 700 YTS156.7.7 Biolegend 
CTLA-4 (CD152) APC UC10-4F10-11 BD Biosciences 
GzmB (anti-mouse/human) FITC GB11 Biolegend 
GzmB PeCy7 NGZB eBioscience 
ICOS BV421 C398.4A Biolegend 
IFNγ FITC XMG1.2 BD Biosciences 
IFNγ PE XMG1.2 BD Biosciences 
IFNγ PeCy7 XMG1.2 BD Biosciences 
IL-17A Alexa Fluor 647 SCPL1362 BD Biosciences 
KLRG1 APC 2F1 eBioscience 
KLRG1 BV421 (anti-mouse/human) MAFA Biolegend 
KLRG1 BV711 (anti-mouse/human) MAFA Biolegend 
KLRG1 FITC 2F1 eBioscience 
KLRG1 PE 2F1 BD Biosciences 
LAG-3 PE C9B7W Biolegend 
LIVE/DEAD Fixable Near-Infrared 
Dead Cell Stain Kit 

N/A Thermofisher 

MHCI H2-Kb APC AF6-88.5 eBioscience 
MHCI H2-Kb PE AF6-88.5 eBioscience 
MHCII (I-A/I-E) Alexa Fluor 700 M5/114.15.2 eBioscience 
PD-1 APC RMP1-30 eBioscience 
PD-1 BUV395 J43 BD Horizon 
PD-1 PE J43 BD Biosciences 
PD-1 PE 29F.1A12 Biolegend 
PD-1 PeCy7 J43 eBioscience 
Thy1.1 (CD90.1) Alexa Fluor 700 OX-7 Biolegend 
Thy1.1 (CD90.1) APC HIS51 eBioscience 
TIM-3 APC RMT3-23 Biolegend 
TNF APC MP6-XT22 BD Bioesciences 
TNF APC Cy7 MP6-XT22 BD Biosciences 
Vα2 TCR Alexa Fluor 700 B20.1 BD Biosciences 
Vα2 TCR BV421 B20.1 BD Biosciences 
Vα2 TCR PE B20.1 BD Biosciences 
Vα2 TCR PeCy7 B20.1 BD Biosciences 
Zombie Aqua Fixable Viability Kit N/A Biolegend 
Zombie Yellow Fixable Viability Kit N/A Biolegend 

 
2.1.7 Antibodies for memory T cell enrichment 
 
Specificity Clone Source 
CD11b M1/70 WEHI, Australia 
CD4 GK1.5 WEHI, Australia 
Mac1 F4/80 WEHI, Australia 
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Red blood cell 
(RBC) 

TER-119 WEHI, Australia 

 
2.1.8 Antibodies for in vivo treatment 
 
Specificity Clone Source 
CTLA-4 9H10 BioXCell, USA 
PD-1 RMP1-14 BioXCell, USA 
Thy1.1 HIS51 eBioscience, USA 

 
2.1.9 Antibodies and dyes for immunohistochemistry 
 
Specificity Clone Source 
Anti-rat Alexa Fluor 555 N/A Life Technologies, USA 
CD103 purified (rat) M290 BD Biosciences, USA 
CD8 Alexa Fluor 647 53-6.7 Biolegend, USA 
Hoescht 33342 N/A Biorad, Australia 

 
2.1.10 Tetramers 
 
Tetramer Fluorochrome Source 
H2-Kb-gB 
SSIEFARL 

PE Dr Jie Lin, University of 
Melbourne, Australia 

 
2.1.11 Droplet digital PCR (ddPCR) reagents 
 
Reagent Source 
100% Ethanol Chem Supply, Australia 
100% Isopropanol Chem Supply, Australia 
Ammonium acetate Sigma Aldrich, USA 
ddPCR Supermix for Probes Biorad, Australia 
DNeasy spin column Qiagen, Germany 
HindIII New England Biolabs, USA 
Proteinase K Qiagen, Germany 
Soft tissue homogenizing mix Omni, Australia 

 
2.1.12 ddPCR probes 
 
Specificity Probe 

dye 
Source Sequence 

Luc FAM Integrated 
DNA 
Technologies 
(IDT), 
Australia 

Fwd: 5’-GACACCGGTAAGACACTGGG-3’ 
Rev: 5’-GCCTCGGGGTTGTTAACGTA-3’ 
Probe: 
5’-
FAM/GCGTCCGTG/ZEN/GCCCCATGATC/
3IABkFQ-3’ 
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Vim HEX IDT, Australia Fwd:5’-
AGCTGCTAACTACCAGGACACTATTG-3’ 
Rev: 
5’-CGAAGGTGACGAGCCATCTC-3’ 
Probe: 
5’HEX/CCTTCATGT/ZEN/TTTGGATCTCA
TCCTGCAGG/3IABkFQ-3’ 

HSV-1 gB FAM Life 
Technologies 
(Taqman), 
USA 

Fwd:5’-GCAGTACTACCTGGCCAATGG-3’ 
Rev: 5’-CGCGAGCGTGTTGCT-3’ 
Probe: 5’-
FAM/ATCGCGTACCAGCCCC/NFQ-3’ 

 
 
2.1.13 Intravital 2-Photon Microscopy reagents 
 
Reagent Source 
Durapore™ surgical tape 3M, USA 
Glass coverslips No 1.5 (24 x 50mm) ProSciTech, Australia 
Pap pen Daido Sangyo, Japan 
Vacuum grease Dow Corning, USA 
Vetbond™ tissue adhesive 3M, USA 

 
2.1.14 Quantitative Real-Time PCR reagents 
 
Reagent Source 
High-Capacity cDNA Reverse Transcription Kit Applied Biosystems, USA 
Qiagen Micro RNeasy Kit Qiagen, Germany 
Qiagen Mini RNeasy Kit Qiagen, Germany 
Taqman Fast Advanced Master Mix  Life Technologies, USA 
Taqman Preamp Master Mix (2X) Life Technologies, USA 

 
2.1.15 Probes for Quantitative Real-Time PCR analysis  
 
Gene target Probe ID Dye Source 
Ahr Mm00478932_m1 FAM Life Technologies (Taqman) 
Bcl2 Mm00432042_m1 FAM Life Technologies (Taqman) 
Bcl2l1 Mm00437783_m1 FAM Life Technologies (Taqman) 
Bcl2l11 Mm00437796_m1 FAM Life Technologies (Taqman) 
Ccr2 Mm99999051_gH FAM Life Technologies (Taqman) 
Ccr6 Mm99999114_s1 FAM Life Technologies (Taqman) 
Ccr7 Mm01301785_m1 FAM Life Technologies (Taqman) 
Ccr8 Mm01351703_m1 FAM Life Technologies (Taqman) 
Ccr9 Mm02528165_s1 FAM Life Technologies (Taqman) 
Cd244 Mm00479575_m1 FAM Life Technologies (Taqman) 
Cd279 Mm03048248_m1 FAM Life Technologies (Taqman) 
Cdh1 Mm01247357_m1 FAM Life Technologies (Taqman) 
Cdk1 Mm00772472_m1 FAM Life Technologies (Taqman) 
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Cdk2 Mm00443947_m1 FAM Life Technologies (Taqman) 
Chn2 Mm01326532_m1 FAM Life Technologies (Taqman) 
Cish Mm01230623_g1 FAM Life Technologies (Taqman) 
Cmah Mm00483341_m1 FAM Life Technologies (Taqman) 
Ctla4 Mm00486849_m1 FAM Life Technologies (Taqman) 
Cx3cr1 Mm02620111_s1 FAM Life Technologies (Taqman) 
Cxcr3 Mm00438259_m1 FAM Life Technologies (Taqman) 
Cxcr4 Mm01996749_s1 FAM Life Technologies (Taqman) 
Cxcr6 Mm02620517_s1 FAM Life Technologies (Taqman) 
Eomes Mm01351985_m1 FAM Life Technologies (Taqman) 
Evovl7 Mm00512434_m1 FAM Life Technologies (Taqman) 
Fabp1 Mm00444340_m1 FAM Life Technologies (Taqman) 
Fabp2 Mm00433188_m1 FAM Life Technologies (Taqman) 
Fabp3 Mm02342495_m1 FAM Life Technologies (Taqman) 
Fabp4 Mm00445878_m1 FAM Life Technologies (Taqman) 
Fabp5 Mm00783731_s1 FAM Life Technologies (Taqman) 
Fabp6 Mm00434315_m1 FAM Life Technologies (Taqman) 
Fabp7 Mm00445225_m1 FAM Life Technologies (Taqman) 
Fabp9 Mm01964336_s1 FAM Life Technologies (Taqman) 
Fam65b Mm01139478_m1 FAM Life Technologies (Taqman) 
Fas Mm01204974_m1 FAM Life Technologies (Taqman) 
GzmB Mm00442834_m1 FAM Life Technologies (Taqman) 
H2-DMb1 Mm04213366_s1 FAM Life Technologies (Taqman) 
Hif1a Mm00468869_m1 FAM Life Technologies (Taqman) 
Hobit Custom* FAM Life Technologies (Taqman) 
Hpgds Mm00479846_m1 FAM Life Technologies (Taqman) 
Hspa1a Mm01159846_s1 FAM Life Technologies (Taqman) 
Icos Mm00497600_m1 FAM Life Technologies (Taqman) 
Id2 Mm00711781_m1 FAM Life Technologies (Taqman) 
Id3 Mm01188138_g1 FAM Life Technologies (Taqman) 
Ifnb1 Mm00439552_s1 FAM Life Technologies (Taqman) 
Ifng Mm01168134_m1 FAM Life Technologies (Taqman) 
Il15 Mm00434210_m1 FAM Life Technologies (Taqman) 
Il2 Mm00461162_m1 FAM Life Technologies (Taqman) 
Il7ra Mm00434295_m1 FAM Life Technologies (Taqman) 
Inpp4b Mm01247223_m1 FAM Life Technologies (Taqman) 
Irf4 Mm00516431_m1 FAM Life Technologies (Taqman) 
Itga1 Mm01306375_m1 FAM Life Technologies (Taqman) 
Klf2 Mm01244979_g1 FAM Life Technologies (Taqman) 
Lag3 Mm00493071_m1 FAM Life Technologies (Taqman) 
Lgals9 Mm00495295_m1 FAM Life Technologies (Taqman) 
Litaf Mm00772072_m1 FAM Life Technologies (Taqman) 
Nfil3 Custom† FAM Life Technologies (Taqman) 
Nr4a1 Mm01300401_m1 FAM Life Technologies (Taqman) 
Nr4a2 Mm00443060_m1 FAM Life Technologies (Taqman) 
Osgin Mm00660947_m1 FAM Life Technologies (Taqman) 
Pdcd1 Mm01285676_m1 FAM Life Technologies (Taqman) 
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Ppara Mm00440939_m1 FAM Life Technologies (Taqman) 
Ppard Mm00803184_m1 FAM Life Technologies (Taqman) 
Prdm1 Mm00476128_m1 FAM Life Technologies (Taqman) 
Prf1 Mm00812512_m1 FAM Life Technologies (Taqman) 
Qpct Mm01225793_m1 FAM Life Technologies (Taqman) 
Rasgrp2 Mm01231705_m1 FAM Life Technologies (Taqman) 
Rbpj Mm03053645_s1 FAM Life Technologies (Taqman) 
Rgs1 Mm00450170_m1 FAM Life Technologies (Taqman) 
Rgs2 Mm00501385_m1 FAM Life Technologies (Taqman) 
Runx1 Mm01213405_m1 FAM Life Technologies (Taqman) 
Runx3 Mm00490666_m1 FAM Life Technologies (Taqman) 
S1pr4 Mm00468695_s1 FAM Life Technologies (Taqman) 
S1pr5 Custom‡ FAM IDT 
Sell Mm00441291_m1 FAM Life Technologies (Taqman) 
Sidt1 Mm01343783_m1 FAM Life Technologies (Taqman) 
Sik1 Mm00440317_m1 FAM Life Technologies (Taqman) 
Skil Mm00456917_m1 FAM Life Technologies (Taqman) 
Slamf6 Mm01293282_m1 FAM Life Technologies (Taqman) 
Tbx21 Mm00450960_m1 FAM Life Technologies (Taqman) 
Tcf7 Mm00493445_m1 FAM Life Technologies (Taqman) 
Tgfb1 Mm01178820_m1 FAM Life Technologies (Taqman) 
Tgfb2 Mm00436955_m1 FAM Life Technologies (Taqman) 
Tgfb3 Mm00436960_m1 FAM Life Technologies (Taqman) 
Tgfbr1 Mm00436964_m1 FAM Life Technologies (Taqman) 
Tgfbr2 Mm03024091_m1 FAM Life Technologies (Taqman) 
Tigit Mm03807533_m1 FAM Life Technologies (Taqman) 
Tlr1 Mm00446095_m1 FAM Life Technologies (Taqman) 
Tmem123 Mm00505250_g1 FAM Life Technologies (Taqman) 
Tnf Mm00443258_m1 FAM Life Technologies (Taqman) 
Tnfrsf9 Mm00441899_m1 FAM Life Technologies (Taqman) 
Usp33 Mm01316841_m1 FAM Life Technologies (Taqman) 
Xcl1 Mm00434772_m1 FAM Life Technologies (Taqman) 

 
*Fwd primer: 5’- AGAAGACGCCTCAAACATG 
Rev primer: 5’- GGGCAGCATGAAGAGGT, 
Probe: 5’- CCCTACCTTCTGCCCAACATCCAT 
 
†Fwd primer: 5’-CAGAACCACGATAACCCATGAA 
Rev primer: 5’-CCTTCTGTTGTCCGGCACA 
Probe: 5’-CTCCTGACAGATTTAC 
 
‡Fwd primer: 5’-ACCAAGACTCCTCCAACA 
Rev primer: 5’-GGGAGACAAGTGTTCTGATG 
Probe: 5’-AACCTTGGATCGCAGCTCTAGCC 
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2.2 Methods 
 
2.2.1 Melanoma inoculation 
 
B16 melanoma cells were harvested by washing the cell monolayer with cold 
PBS, incubating with 1X Trypsin in PBS for ~3 m at 37°C and mixing with RP-10 
solution. Cells were washed three times with HBSS before transfer to mice. For 
s.c. inoculation, mice were anaesthetized using isoflurane and depilated by 
shaving and application of Veet. 1 x 105 B16 melanoma cells suspended in 50µL 
HBSS solution were injected into the left flank at the spleen tip using a 30G 
needle. For epicutaneous (e.c.) inoculation, mice were anaesthetized with a 1:1 
mixture of Ketamine (100mg/kg) and Xylazil by i.p. injection and lubricating eye 
gel applied to the eyes to prevent drying. Mice were shaved and depilated on the 
left flank using Veet and the skin lightly abraded at the spleen tip by application 
of a Dremel powertool with grindstone attachment for 10-15 seconds with 
constant rotation. Where indicated, tumours were instead inoculated on the 
middle right flank.  The scarified site was wiped with a cotton topped applicator 
soaked in PBS. 1 x 105 B16 melanoma cells (unless otherwise stated) were 
suspended in 10µL of Matrigel® Basement Membrane Matrix and applied over 
the scarified region of skin. Mice were rested for ~10 m to allow solidification of 
Matrigel before Op-Site Flexigrid was placed over the hardened gel. Mice were 
bandaged by wrapping the abdomen in Micropore and Transpore surgical tape 
and bandages were removed 4 d later. Tumours were measured every day or 
every second day using a digital caliper and tumour volume estimated using the 
formula: Volume = ((width2 x length)/2). 
 

2.2.2 In vitro activation of transgenic T cells 
 
gBT-I or OT-I T cells were isolated from the spleen of transgenic donor mice and 
splenocytes isolated from B6 WT mice by meshing through a 70µm cell strainer. 
Splenocytes were washed twice with HBSS and B6 spleen cells were incubated 
for ~30 m with 0.2µg/mL gB or OVA or gp33 peptide, respectively. Peptide-pulsed 
B6 splenocytes were washed with HBSS and mixed with splenocytes from 
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transgenic mice in RP-10. Cells were split 1:2 and recombinant human IL-2 (25 
U/mL) added on d 2-5. Cells were harvested, washed with HBSS and transferred 
to mice 4-5 d post-activation. 
 

2.2.3 Adoptive and epicutaneous T cell transfer 
 
For adoptive transfer of naïve T cells, gBT-I or OT-I T cells were isolated form the 
LN of transgenic donor mice by meshing through a 30 or 40µm cell strainer and 
0.5 × 105 -1 x 106 cells were injected intravenously (i.v.) into recipient mice 
through the tail vein at least 1 d prior to B16 melanoma inoculation or HSV-1 
infection using a 1mL syringe with 26G needle attachment. For adoptive transfer 
of activated T cells, 1-10 × 106 transgenic T cells were transferred to mice i.v. 
through the tail vein. For i.d. transfer of activated T cells, 1 × 106 cells were 
injected on the left flank across a 1 x 1.5cm2 area in 100µL total HBSS. For e.c. 
transfer of activated or naïve T cells, activated transgenic T cells suspended in 
Matrigel® Basement Membrane Matrix solution (1 × 106 cells/10µL unless 
otherwise stated) were transferred to Ketamine/Xylazil anaesthetized mice in an 
identical manner to that described for e.c. B16 melanoma cell inoculation. For 
experiments in which 4 × 106 T cells were transferred to mice, 4 × 10µL of Matrigel 
cell suspension aliquots were applied to four adjacent abrasion sites arranged in 
a cloverleaf shape. 
 

2.2.4 Preparation of tissues for flow cytometry and sorting 
 
Spleens and LN were harvested into cold HBSS and single cell suspensions 
created by grinding organs through a fine metal sieve then filtering through a 
70µm nylon mesh filter. Spleens were suspended in red blood cell (RBC) lysis 
buffer for ~4 m and both spleens and LN washed with FACS buffer prior to 
staining. 1:40 spleen solution and 1:2 LN solution were sampled for staining and 
FACS analysis. For cell sorting experiments, CD8+ memory T cells were enriched 
from the spleen by incubating splenocytes with the monoclonal antibodies: anti-
CD4 (GK1.5), anti-CD11b (M1/70), anti-F4/80 (F4/80), anti-erythrocyte (TER-
119) and anti-I-A/I-E (M5114). Cells were washed then incubated with goat-anti-
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rat IgG coupled magnetic beads and bead bound cells removed by application of 
the cell suspension to a magnetic column and removal of the supernatant which 
was prepared for staining. 
 
Skin was prepared by shaving and depilating hair with Veet prior to harvesting. 
Peritumoural skin 0.5cm diameter from the tumour centre was cut using a sharp 
blade then fat and all visible tumour tissue carefully separated and cleared from 
the skin using fine forceps. Skin was regularly placed in Dispase II in PBS 
(2.5mg/mL, 1.5cm skin/mL) and incubated for 90 mins at 38.5°C. The epidermis 
was peeled from the dermis using forceps and placed in 5X Trypsin in PBS for 
30 m at 37°C. The dermis was placed in Collagenase Type III (3mg/mL, 1cm 
skin/mL) and finely chopped with scissors and then and incubated for 30 m at 
37°C. Following digestion, the epidermis and dermis were pooled in RP-10 and 
resuspended by agitation with a plastic transfer pipette. Where stated, skin was 
instead harvested and placed in Liberase solution (0.125mg/mL + 2mg/mL 
DNase) for 20-30 m, the epidermis peeled then the epidermis and dermis placed 
back into the same tube of Liberase, chopped and incubated for a further 60 m 
at 37°C. Skin was then transferred to RP-10 solution and resuspended by mixing 
with a transfer pipette. Skin cells were passed through 70µm nylon filters then 
30µm nylon filters and the entire pellet stained for flow cytometry analysis. 
 
Tumours were prepared by harvesting melanoma tissue from mice and carefully 
separating residual skin and fat from the tumour mass with fine forceps and/or 
sharp blades to ensure clean preparation. Tumours were placed in Collagenase 
Type III (3mg/mL, 1.5mL/tumour) and chopped before incubating for 90 m at 
37°C. Digested tumours were transferred to a 70µm cell strainer and ground with 
the back of a syringe plunger then the strainer was rinsed with HBSS to wash 
cells. Tumours were resuspended in RBC lysis buffer for ~5 m and washed with 
RP-10 and resuspended in FACS buffer prior to staining. For sorting of TIL 
populations, tumours were resuspended in 44% Percoll solution (in HBSS) atop 
a 70% Percoll (in PBS) layer, spun at 500G at room temperature (RT) for 20 m 
with no brake lymphocytes at the interface removed for staining. Either the whole 
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tumour (<100mm3), 1:2 of the pellet (<300mm3) or 1:5 of the pellet (>500mm3) 
was stained for flow cytometry analysis. 
 
Blood was taken from the tail or submandibular vein and passed through a 
heparin laced tube to prevent clotting. 50-80µL of blood was prepared for flow 
cytometry staining by transferring to a new tube and lysing twice with RBC lysis 
buffer then washing once with FACS buffer. 
 
Cell suspensions were stained with antibodies specific for surface markers and 
fixable viability dye diluted in PBS (80µL per spleen or LN, 100µL per skin or 
tumour) for 30 m on ice. Cells were washed with and resuspended in FACS buffer 
prior to analysis. Where applicable, tetramer staining was performed by 
incubating cells with H2-Kb-gB PE tetramer in FACS buffer containing sodium 
azide (0.01%) for 45 m at 37°C then washed before staining with antibodies for 
other surface markers. For intracellular cytokine staining, cells were stained for 
surface markers, washed then incubated with BD Fixation/Permeabilisation 
solution for 25 m. Cells were suspended in BD PermWash solution containing 
antibodies specific for intracellular proteins for 30 m and washed once with 
PermWash and once with FACS buffer prior to analysis. A known number of 
SPHERO Blank Calibration Particles were added to each sample prior to analysis 
for enumeration. 
 

2.2.5 In vitro B16 cytotoxicity and activation assays 
 
B16.gB and B16.VC melanoma cells were harvested, counted and 4 x 105 cells 
transferred to each well of a 24 well plate containing 2mL RP-10 with 0.1ng/mL 
IFNγ overnight. Transgenic gBT-I cells were activated in vitro with gB peptide as 
described. WT B6 splenocytes were pulsed with gB peptide (0.2µg/mL HBSS) by 
at 37°C for 30 m and incubated with activated gBT-I cells as a positive control. 
RP-10 containing IFNγ was aspirated from each well and B16 cell monolayers 
washed twice with PBS before activated gBT-I cells were added to at increasing 
ratios of 0.5-2:1 in duplicate. Cells were incubated together for 5 h at 37°C then 
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the supernatant removed and transferred to FACS tubes. The B16 monolayer 
was washed twice with PBS and the wash pooled into FACS tubes for staining. 
B16 cells were incubated with 1X Trypsin solution for ~3 m, neutralised by mixing 
with RP-10 solution and the resulting suspension was also transferred to FACS 
tubes for staining. Cells were washed twice with FACS buffer then stained with 
surface and intracellular antibodies as described. B16 cells were enumerated by 
addition of SPHERO Calibration Particles to each sample prior to FACS analysis. 
The proportion of specifically killed cells was determined with reference to B16 
cell samples to which no gBT-I cells were added and by subtracting the proportion 
of nonspecific B16.VC cell death observed over the incubation period. To 
determine the proportion of apoptotic cells after co-culture with activated gBT-I 
cells, B16 cells were stained with an AnnexinV staining kit according to the 
manufacturer’s instructions. 
 

2.2.6 Confocal immunofluorescence microscopy 
 
Organs were harvested into PBS to wash and then transferred to 20% sucrose 
in PBS at 4°C for 25 m. Organs were embedded in Tissue-Tek Optimal Cutting 
Temperature (OCT) Compound, frozen in liquid nitrogen and stored at -80°C prior 
to use. Samples were cut into 18µm thick sections on glass slides using a cryostat 
(Leica CM3050S) and air-dried then fixed in acetone and rehydrated in PBS for 
2-3 m. Sections were incubated with protein blocking solution for 60 m then 
stained with appropriate primary antibodies diluted in PBS containing NDS 
overnight at 4°C. Slides were washed 2-3 times with PBS then incubated with 
secondary antibodies diluted in PBS containing NDS for 60 m at RT. Slides were 
again washed 2-3 times with PBS then stained with Hoescht dye diluted in PBS 
for 3 min. Slides were washed twice with PBS then air-dried briefly and coverslips 
mounted using Prolong Gold Antifade mounting reagent. Images were acquired 
using a confocal microscope (Zeiss LSM700 or Zeiss LSM710) and analysed 
using Imaris 8 or 9 software. 
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2.2.7 HSV-1 flank infection 
 
Mice were anaesthetized with a 1:1 mixture of Ketamine (100mg/kg) and Xylazil 
by i.p. injection and lubricating eye gel applied to the eyes to prevent drying. Mice 
were shaved and depilated on the left flank using Veet and the skin lightly 
abraded at the spleen tip by application of a Dremel powertool with grindstone 
attachment for 8 secs. The scarified site was wiped with a cotton topped 
applicator soaked in PBS and 1 x 106 PFU HSV-1 KOS in 10µL PBS applied. Op-
Site Flexigrid was placed over the scarified flank region and mice were bandaged 
by wrapping the torso in Micropore and Transpore surgical tape; bandages were 
removed 2 d later. For experiments where tumour-bearing mice were infected 
with HSV-1, mice were infected on the caudal right flank. 
 

2.2.8 Assessment of cytokine production by tissue cells 
 
For ex-vivo restimulation, cells were isolated from tissues as described, filtered 
through 70µm nylon mesh and suspended in 200µL (spleen, LN) or 2mL RP-10 
solution containing 10µg/mL BFA, 1mg/mL ionomycin and 0.5µg/mL PMA  per 
sample (skin, tumour) and incubated for 4 h at 37°C. Cells were passed through 
a 30µm nylon mesh then prepared for surface and intracellular staining as 
indicated. For in vivo and in situ cytokine assays, mice were injected with 100µg 
of gB or OVA peptide dissolved in PBS containing 0.2mg BFA 4-5 h prior to 
sacrifice. Spleens and LN were harvested into PBS containing 10µg/mL BFA and 
incubated at 37°C for 1 h prior to meshing. Skin was processed as described in 
enzymatic reagents to which 10µg/mL BFA had been added. Organs were then 
processed normally and prepared for intracellular staining. 
 

2.2.9 DNFB treatment 
 
Mice were anaesthetized with a 1:1 mixture of Ketamine (100mg/kg) and Xylazil 
by i.p. injection and lubricating eye gel applied to the eyes to prevent drying. Mice 
were shaved and depilated on the left flank using Veet and 0.25% DNFB in a 1:4 
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mixture of oil in acetone applied to the skin (15µL total volume) and spread evenly 
across a 1 x 1.5cm area with a cotton tipped applicator. 
 

2.2.10 Quantitative Real Time Polymerase Chain Reaction (RT-PCR) 
 
For RT-PCR analysis of sorted cells, RNA was extracted using a RNeasy Micro 
Kit (Qiagen) or Direct-Zol RNA Microprep Kit (Zymo Research) then converted to 
cDNA using a High-Capacity cDNA Reverse Transcription kit (Thermo Fisher) by 
following the manufacturers instructions. For RT-PCR analysis of whole-organ 
RNA expression, organs were homogenised (Polytron PT 2100 homogeniser with 
7.5mm aggregate, Kinematica AG) in Qiagen RNeasy lysis buffer, RNA extracted 
using a Qiagen RNeasy Mini Kit according to the manufacturers instructions and 
convered to cDNA using a High-Capacity cDNA Reverse Transcription kit 
(Thermo Fisher). In both cases, genes of interest were pre-amplified from cDNA 
using Taqman gene expression assays and Taqman Preamp Master Mix (Life 
Technologies). RT-PCR was then performed with Taqman gene expression 
assays and Taqman Fast Advanced Master Mix using a Quantasoft 7 Real-Time 
PCR machine (Thermo Fisher). Ct values were determined for each gene and 
normalised to indicated housekeeping genes to determine the ΔCt and relative 
gene expression calculated using the 2-ΔCt method. 
 

2.2.11 In vivo antibody treatment 
 
For depletion of circulating Thy1.1+ gBT-I cells, mice were injected with 0.5-1µg 
anti-Thy1.1 antibody diluted in PBS intraperitoneally (i.p.) twice one week apart 
unless otherwise stated. For depletion of Thy1.1+ skin gBT-I TRM cells, mice were 
injected with a total of 25µg anti-Thy1.1 antibody diluted in PBS i.d. over three 
consecutive days (10µg, 10µg then 5µg in 100µL volume per injection) at the 
tumour-challenge site in a cloverleaf shape. Mice that remained protected from 
tumour development were administered another round of high dose anti-Thy1.1 
antibody i.d. more than 30 d later.  For checkpoint blockade experiments, mice 
were treated with anti-PD-1 (250µg) or anti-CTLA4 (100µg) antibodies diluted in 
PBS by i.p. injection every 3 d for the duration of applicable experiments. In all 
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cases, control mice were treated with an equivalent volume of PBS injected via 
the same route. 
 

2.2.12 Droplet Digital PCR (ddPCR) 
 
Tumours, non-developer skin corresponding to the abraded site or untreated skin 
were harvested and placed in 0.5mL polypropylene tubes containing 1.4mm 
ceramic beads (soft tissue homogenising mix) and 300µL DNA lysis buffer. 
Tissues were homogenised by 2 x 30 sec rounds of shaking in a Bead Ruptor 24 
Elite (Omni) at a speed of 8m/sec and digested overnight with proteinase K 
(12mAU, Qiagen) at 55°C in a shaking incubator. The lysate was mixed with ice-
cold ammonium acetate (7.5M in MilliQ H2O) then tubes were centrifuged and 
genomic DNA isolated by mixing the supernatant with 100% isopropanol and 
washing the DNA pellet in 70% ethanol/MilliQ H2O solution. DNA pellets were 
resuspended in Tris/EDTA buffer (pH 8) and passed through a DNeasy blood and 
tissue kit spin column. ddPCR reactions comprised extracted genomic DNA 
(415ng DNA/well x 4 wells per sample), ddPCR Supermix for Probes, HindIII 
enzyme (5 IU/well), forward/reverse primers (900nM) and probes (250nM) 
specific for luc or gB and Vim. Droplets were generated and read using a 
QX200™ AutoDG™ Droplet Digital™ PCR System and a C1000 Touch™ 
thermal cycler (BioRad) according to manufacturer’s instructions. Vimentin (Vim) 
quantification was performed as a housekeeping positive control. Data was 
analysed using QuantaSoftTM Software V1.7 (BioRad). 
 

2.2.13 In vivo bioluminescence imaging 
 
Albino.B6 mice were inoculated e.c. with 1 × 105 B16.gB.Luc cells. For imaging, 
mice were injected with 150mg/kg of D-luciferin potassium salt dissolved in PBS 
i.p. and left to rest for 5 minutes. Mice were then anaesthetized with isoflurane 
(2.5%) vaporized at an 80:20 mixture of O2 and air and skin corresponding to the 
tumour inoculation site was shaved and depilated. Images were acquired using 
an IVIS Lumina XRMS Series III imaging system (Perkin Elmer) with an exposure 
of 300 secs. Images were analysed with Living Image v4.4 software.  
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2.2.14 Intravital 2-Photon Microscopy 
 
Mice were first anaesthetized with isoflurane (Cenvet: 2.5% for induction, 1-1.5% 
for maintenance), vaporized at 80:20 mixture of O2 and air then shaved on the 
left flank and hair depilated using Veet and surgery performed as previously 
described (156). Briefly, two incisions were made along the left flank 
approximately 2-2.5cm apart either side of the tumour or Dremel site and the skin 
separated from the peritoneum using scissors. An 18mm wide piece of 1mm 
stainless steel was inserted between the peritoneum and dermis to form a stable 
raised platform which was attached to a custom made imaging platform. The 
incised underside of the dermis was adhered to the stainless steel platform by 
application of Vetbond tissue adhesive (3M). Vacuum grease (Dow Corning) was 
painted around the edges of the elevated skin and platform at a height 
corresponding to tumour height for mice possessing macroscopic melanoma, or 
at a minimal height for tumour-free mice and the skin and/or tumour covered with 
PBS. A glass coverslip was placed over the tumour/skin and sealed over the 
vacuum grease. Incision sites were regularly irrigated with PBS to prevent 
dehydration of the peritoneum during imaging. Images were acquired with an 
upright FV-MPERS multiphoton microscope with a 25x/1.05NA Water Immersion 
objective enclosed in a heated chamber maintained at 35°C. Fluorescence 
excitation was provided by Mai-Tai (690-1040nm) and Insight (680-1300) lasers 
and Galvano laser scanner (4fps). mCherry was excited at 1100nm (Insight laser) 
and eGFP and collagen from the skin dermis visualized by the second harmonic 
generation (SHG) were excited at 950nm (Mai-Tai laser). For four dimensional 
data sets, three-dimensional stacks were captured at a resolution of 512 x 512 
every 60-75 seconds over a period of 1-2 h with 2.5-3.5µm intervals. Raw imaging 
data were processed and movies generated in Imaris 8 or Imaris 9 (Bitplane) and 
edited using Adobe After Effects. 
 

2.2.15 Data and statistical analysis 
 
All statistical analysis was performed using Prism 6 or 7 (Graphpad). P values 
were determined with appropriate and indicated statistical tests, with a maximum 
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P value of 0.05 considered to represent a statistically significant difference. For 
change in geometric Mean Fluorescence Intensity (ΔgMFI) calculations, 
background fluorescence (in vivo B16 cell Fluorescence Minus One (FMO) gMFI) 
was subtracted from the gMFI of stained samples. For determination of the 
proportion of regressing tumours following concurrent HSV infection, mice were 
monitored for tumour growth and a successive reduction in tumour volume over 
three or more consecutive days was classified as true regression. For 
determination of the proportion of controlled tumours following concurrent HSV 
infection, mice were monitored for tumour growth and a successive reduction or 
no change (±5mm3) in tumour volume over four or more consecutive days was 
classified as tumour control.  
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Chapter 3: Characterisation of an epicutaneous 
melanoma model and the spontaneous tumour-primed 
CD8+ T cell response 
 
3.1 Introduction 
 
That tumours of epithelial origin develop more frequently in mice lacking adaptive 
immune cells (329, 351) implies that active immune surveillance occurs within 
epithelial tissue compartments during cancer initiation. These observations are 
paradoxical given that spontaneous tumorigenesis generally occurs in the 
absence of overt inflammation, and TCIRC CD8+ T cells typically fail to migrate into 
resting peripheral tissues (145, 156) or developing tumours (212, 213, 495) alike. 
 
Given the optimal localisation of TRM cells within epithelial tissue compartments, 
we hypothesise that protective cancer-specific TRM cells are generated during 
epithelial carcinogenesis where they contribute to cancer immune surveillance. 
In support of this, TRM cells are readily identified in human tumours of epithelial 
origin (412, 467, 469, 472, 474) where they predict improved patient outcome 
(240, 473, 477). However, CD103+ tumour-primed TRM cells are not usually 
observed in the cancer microenvironment using traditional murine tumour models 
(232, 716). In these instances, cancer cells such as B16 melanoma cells are 
conventionally delivered to mice via the s.c. route, provoking cancer growth 
beneath the skin in a matter of days (333). This method of tumour cell delivery 
fails to recapitulate the progression of human disease, during which melanoma 
initially develops in the epidermis before invasion of deeper dermal skin regions 
and eventual metastasis (717). S.c. tumours implanted in the mouse flank do not 
penetrate the skin during development, nor do they generate lymph node 
metastases (712). 
 
The location of tumour implantation can drastically modify the nature of anti-
tumour CD8+ T cell responses. Whereas i.d. tumour delivery prompts efficient 
immune recognition and activation, tumours growing s.c. are often ignored (345, 
346, 379, 718) as they fail to engage innate immune pathways requisite for 
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elicitation of CD8+ T cell responses in SLOs (346, 718). The route of tumour cell 
injection influences the kinetics of tumour growth and metastases (719), and thus 
the breadth and timing of tumour antigen spread. Generation of TIL depends 
upon both the site of T cell priming (370, 672) and the ability to home to and 
function within tumours (383, 386, 673, 720-723), and the complement of effector 
molecules required for T cell mediated tumour rejection varies when cancer cells 
are transferred to different tissue compartments (551). Ectopically transplanted 
cancer cells may adopt site-specific transcriptional, metabolic and proteomic 
profiles (724-726) that could influence CD8+ T cell function and differentiation, 
and are typically more easily rejected than cells transformed in situ (386). The 
manner in which tumour cells are transplanted therefore determines the 
dynamics and quality of anti-tumour T cell responses, and may impact the 
generation of TRM cells in the cancer microenvironment.  
 
To examine a potential role for skin TRM cells in peripheral tumour surveillance, 
closer approximation of epithelial-contained tumour development is therefore 
necessary. To this end, we have adopted an orthotopic murine melanoma model 
in which B16 melanoma cells expressing the HSV glycoprotein B (gB) as a model 
neoantigen (B16.gB) are encased in MatrigelTM basement membrane solution 
and are delivered directly to the scarified skin surface. CD8+ T cell responses to 
B16.gB can be tracked using congenically marked transgenic gBT-I T cells with 
a TCR specific for the gB498-505 peptide derived from HSV (710). Epicutaneous 
(e.c.) B16 inoculation simulates human melanoma development, with initial 
tumour growth restricted to the epidermal and dermal layers of the skin before 
invasion of deeper skin regions and metastasis to skin-draining LNs (712). Use 
of this orthotopic model therefore provides a unique opportunity to study the 
differentiation and function of CD8+ T cells in the peripheral tumour 
microenvironment. This chapter aims to characterise tumour growth kinetics and 
disease outcomes following e.c. B16 cell implantation, reveal the cellular players 
contributing to immune surveillance of e.c. inoculated B16 melanoma and to 
characterise the phenotype and protective potential of tumour-specific CD8+ T 
cells that develop naturally within cancer-afflicted skin.  
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3.2 Results 
 

3.2.1 Epicutaneously transferred T cells generate skin TRM cells 
 
Although activated CD8+ T cells transferred i.v. can infiltrate skin and form TRM 
cells without requirement for local antigen recognition following induction of non-
specific inflammation, these effectors fail to generate detectable TRM cells in the 
steady-state (146). I.d. injection of CD8+ effector T cells permits TRM cell 
development independently of local inflammation, but many cells delivered in this 
manner persist as CD69+CD103– transients and relocate to SLOs (169). Given 
that B16 melanoma cells delivered e.c. are initially confined to the uppermost 
layers of skin (712), we sought to determine whether effector CD8+ T cells 
similarly targeted to the epidermis might prefentially form localised TRM cells 
without generating large numbers of TCIRC cells. To this end, gBT-I.CD45.1 T cells 
were activated in vitro by incubation with cognate antigen, suspended in gel 
basement membrane solution and applied directly to the skin of naïve B6.CD45.2 
mice following mechanical perturbation of the epidermis. Effector gBT-I.CD45.1 
cells were found to migrate into scarified skin and had also traversed into the 
circulation by 8 d post-e.c. transfer (Fig 3.1a, b). Transferred gBT-I cells entering 
the spleen underwent considerable contraction between 8 and 30 d post-transfer, 
but cells remained numerically stable in the skin (Fig 3.1 b). Notably, the number 
of gBT-I T cells persisting in the circulation following e.c. transfer was 10-fold 
lower than that observed following i.v. transfer of the same number of precursor 
cells followed by inflammation-inducing DNFB treatment to recruit cells into the 
skin (146), despite both methods generating similar numbers of skin T cells (Fig 
3.1b, c).  Skin-residing gBT-I T cells began to upregulate the canonical TRM cell 
surface markers CD69 and CD103 by 8 d post-e.c. transfer and were near 
uniformly CD69+CD103+ by 30 d post inoculation (Fig 3.1a). Conversely, most 
splenic gBT-I cells remained CD69–CD103– over time, although a small 
population of CD103+ gBT-I cells persisted in the spleen for at least 30 d post-
inoculation (Fig 3.1a), perhaps as a consequence of their transient passage 
through the skin. These findings implied that a proportion of epicutaneously 
transferred effector CD8+ T cells relocated from the skin to the SLOs despite  
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Figure 3.1 Epicutaneously transferred gBT-I cells generate skin TRM cells.  (a, b) 
B6.CD45.2 mice were transferred 1 × 106 in vitro activated gBT-I.CD45.1 cells e.c. and skin 
and spleen harvested for analysis. Shown is the frequency and phenotype (a) and absolute 
number (b) of Va2+ gBT-I.CD45.1 cells isolated at indicated time points. (c) Absolute number of 
gBT-I.CD45.1 cells isolated from spleen and DNFB-treated skin 30 d following i.v. transfer of 1 
× 106 in vitro activated effectors and DNFB treatment. (d) Absolute number of gBT-I.CD45.1 
cells isolated from spleen or skin 4 wks post-e.c. transfer of indicated doses of in vitro activated 
effector cells. (e) Absolute number of gBT-I.CD45.1 cells isolated from skin at indicated 
distances from the scarified skin site (dremel centre) following transfer of 1 × 106 in vitro 
activated precursors. Data are representative of two experiments (a), pooled from two experi-
ments (b, c) or from one experiment (c, e). *p <0.05, ****p <0.0001, n.s.; not significant, 
two-tailed Mann Whitney test. Bars represent the mean.
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upregulation of the retention molecule CD103, potentially as a consequence of 
saturation of the epidermal layer by CD8+ effector T cells and subsequent 
migration of transferred effectors from the epidermis to the dermis. The frequency 
of splenic CD8+ T cells expressing CD103 appeared to decline over time (Fig 
3.1a), which might have reflected preferential contraction of the CD103+ fraction, 
preferential homeostatic expansion of the CD103– fraction or gradual 
downregulation of CD103 following relocation to the spleen where TGFβ is far 
less concentrated. Collectively, these findings demonstrated that e.c. transferred 
in vitro activated T cells preferentially generated considerable numbers of skin 
TRM cells over TCIRC cells, with markedly accelerated kinetics by comparison with 
that observed following HSV infection (179). 
 
To ascertain the optimal input concentration of effector T cells for TRM cell 
generation using this method, increasing doses of in vitro activated gBT-I.CD45.1 
cells were transferred to mice e.c. and splenic and skin T cells were enumerated 
more than 30 d post-inoculation. Inputting increasing quantities of activated cells 
generated heightened numbers of both splenic TCIRC and skin TRM cells in a step-
wise fashion following e.c. transfer, with a maximal number of skin TRM cells 
generated following transfer of 1 x 106 in vitro activated T cells per e.c. site (Fig 
3.1d). Importantly, skin TRM cells were reliably isolated in similar numbers from 
all mice following e.c. transfer at each dose, suggesting that e.c. cell delivery was 
relatively efficient and consistent between individual recipients. Analysis of skin 
directly adjacent to the abraded flank region indicated that e.c. transferred gBT-I 
cells remained tightly concentrated around the site of inoculation and did not 
migrate into distal skin (Fig 3.1e). 
 

3.2.2 Optimisation and characterisation of e.c. B16 melanoma inoculation 
 
E.c. delivery of wild-type B16 cells or those expressing full-length OVA protein 
(B16.OVA) leads to tumour development contained within dermal and epidermal 
layers of skin (712). We obtained B16 melanoma cells expressing the full-length 
HSV gB antigen and enhanced GFP (eGFP) under the control of the constitutive 
CMV promoter (B16.gB) to study gBT-I T cell responses to melanoma 
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development in vivo. Following e.c. B16.gB cell inoculation, we mapped tumour 
growth kinetics and disease outcomes across many experiments over time (Fig 
3.2). Consistent with a prior report (712), e.c. inoculation with 105 B16 cells led to 
development of melanoma visibly contained within superficial skin layers, with 
eventual metastasis to the proximal skin-draining LN in a manner that visibly 
contrasted with melanoma growth occurring beneath the skin following s.c. 
B16.gB injection (Fig 3.2a, b). Whereas all recipient mice rapidly developed 
progressively growing melanoma following s.c. B16.gB inoculation, e.c. B16.gB 
melanoma cell transfer resulted in comparatively delayed tumour formation, with 
variable growth kinetics between individual mice and reduced penetrance (Fig 
3.2c, d). Notably, only 60% of e.c. inoculated mice succumbed to progressive 
tumour growth, with the majority of tumours becoming macroscopically apparent 
in skin of these ‘developer’ mice within ~2-4 wks post-inoculation (Fig 3.2c-e). 
Some mice developed visible tumours early after B16.gB inoculation that then 
remained stable in size without progressing for several weeks (Fig 3.2a, c). Other 
mice only developed melanoma disease very late post-inoculation (30-110 d), 
implying that viable tumour cells could be maintained in the skin at undetectable 
levels for prolonged periods of time (Fig 3.2c, d). The remaining 40% of mice 
transferred B16.gB e.c. remained free of macroscopic melanomas for at least 4 
wks and up to 30 wks post-inoculation, and were therefore designated 
‘nondevelopers’ (Fig 3.2a, c-e and data not shown). However, the degree of 
tumour penetrance following e.c. B16.gB inoculation varied considerably, with 
relative proportions of developer and nondeveloper mice fluctuating between 
experiments (Fig 3.2f). Of note, tumour penetrance in mice epicutaneously 
inoculated with B16.gB, B16.gB.Luc or B16.OVA cells was similar to that of mice 
inoculated with B16.VC cells that were transduced with an empty vector and 
therefore devoid of intentional model neoantigens (Fig 3.2g), suggesting that 
expression of the gB or alternative foreign antigens by melanoma cells negligibly 
affected tumour growth kinetics.  
 
To determine the optimal dose of melanoma cells for consistent tumour growth 
following e.c. inoculation, increasing numbers of B16.gB cells were transferred to  
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Figure 3.2. Tumour growth kinetics following e.c. or s.c. B16.gB inoculation. (a) Represen-
tative photos depicting possible disease outcomes following implantation of 1 × 105 B16.gB 
melanoma cells e.c. or s.c. Dotted line indicates position of the spleen. (b) Representative photo 
depicting metastasis to the brachial tumour-draining LN in developer mice transplanted B16.gB 
melanoma cells e.c., with naive LN shown for comparison. (c, d) Individual tumour growth kinet-
ics (c) and pooled tumour penetrance (d)  following implantation of 1 × 105 B16.gB or B16.gB 
PacLuc cells e.c. (coloured) or s.c. (black). (e-g) Proportion of mice developing progressively 
growing melanoma (developer) or remaining macroscopically tumour free (nondeveloper) 
following e.c. (e-g) or s.c. (e, f) transplant of 1 × 105 B16.gB or B16.gB.PacLuc melanoma cells 
(e, f, g) or 1 × 105 B16.OVA or B16.VC (transduced with empty vector) cells e.c (g). Each data 
point in (f) and (g) indicates tumour penetrance from an individual experiment at least 50 d (f) or 
30 d (g) post-inoculation. Data is pooled from 45 experiments with 5-19 mice per experiment 
(e.c.) and 3 experiments with 5 mice per experiment (s.c.) (a-f) or from 2-20 individual experi-
ments with 5-19 mice per experiment (g). Bars represent the mean.
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mice and growth kinetics monitored over time. Implanting higher doses of B16.gB 
cells tended to augment both the melanoma growth rate and total tumour 
penetrance (Fig 3.3a, b).  However, whilst mice receiving the lowest tested dose 
of 1 x 103 B16.gB cells were clearly less susceptible to macroscopic melanoma 
development, transfer of 1000-fold more B16.gB cells simply accelerated tumour 
growth without resulting in complete tumour penetrance (Fig 3.3a, b). Given that 
a minimum dose of 1 x 104 cells was required for reliable tumour growth in the 
majority of mice (Fig 3.3b) and transfer of 1 x 106 cells led to development of end 
point tumours too rapidly after tumour challenge to assess memory T cell 
responses (Fig 3.3a), a medium dose of 1 x 105 cells was selected for all future 
experiments. Whilst bandaging for 2 d to encourage viral penetrance is sufficient 
to promote HSV flank infection, this short bandaging period was inadequate to 
promote macroscopic melanoma development in the majority of e.c. B16.gB 
inoculated mice, and at least a 3 d bandaging period was necessary to permit 
tumour cell engraftment (Fig 3.3c). Consequently, a 4 d bandaging period was 
chosen for subsequent experiments. 
 
We also assessed tumour growth kinetics following concurrent e.c. transfer of 
B16.gB to opposing flanks of the same mouse. Melanoma growth rates varied 
dramatically between left and right flanks of the same recipient, and development 
of a macroscopic tumour on one flank did not predict tumour progression on the 
other (Fig 3.3d, e). These findings implied that the propensity for tumour 
development and inter-mouse variation is determined locally at the tumour 
challenge site, rather than systemically. 
 

3.2.3 T cells are required for spontaneous protection against e.c. 
melanoma development 
 
Experiments in Section 3.2.2 indicated that a proportion of naïve B6 mice are 
naturally resistant to localised melanoma development following e.c. inoculation. 
Possibly, incomplete tumour penetrance might reflect technical limitations of the 
e.c. method of inoculation, whereby transplantation is inefficient due to B16 cells 
failing to traverse their Matrigel conduit to the skin. However, gBT-I cells are  
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reliably isolated from the skin of individual recipient mice following e.c. transplant 
(Fig 3.1), implying that at least for T cells, epidermal entry is relatively consistent. 
Alternatively, resistance to e.c. melanoma development may result from efficient 
immune surveillance leading to outright elimination of cancer cells or 
establishment of tumour-immune equilibrium. 
 

We therefore wished to determine whether spontaneous protection from e.c. 
melanoma progression was dependent upon immune cell mediated control. To 
this end, we compared e.c. melanoma growth kinetics in immunocompetent B6 
mice and broadly immunodeficient Rag2–/ – x Il2rg–/– mice that lack all adaptive 
immune cells as well as NK cells and ILCs. Rag2–/ – x IL2rg–/– mice were almost 
completely susceptible to e.c. B16.gB melanoma growth, developing more 
frequent tumours that grew more rapidly than those occurring in WT B6 mice (Fig 
3.4a, b). This suggested that e.c. inoculated melanomas were subject to 
immunoediting and confirmed that spontaneous protection from e.c. melanoma 
development was immune cell mediated. Most Rag2–/ – x IL2rg–/– tumours 
manifested within 8-12d of transplant, preceding the tumour initiation window 
observed for B6 control mice (Fig 3.4a). However, one Rag2–/ – x IL2rg–/– mouse 
did not present with a tumour until 24d post-inoculation, and this melanoma 
remained <100mm3 in volume for a further 15d before commencing progressive 
outgrowth (Fig 3.4a and data not shown), suggesting that alternate factors or 
cells can also influence tumour kinetics. 
 
As anticipated, mice deficient in IL-15 signalling (Il-15–/–), and thus lacking many 
of the same cells as Rag2–/ – x IL2rg–/–  mice, principally phenocopied Rag2–/ – x 
Il2rg–/– mice with respect to tumour penetrance and growth kinetics following e.c. 
B16.gB inoculation (Fig 3.4c, d). In contrast, s.c. B16.gB melanoma development 
was not accelerated in Il-15–/– compared to WT controls, with mice of either 
genotype rapidly developing progressively growing melanomas following 
melanoma injection (Fig 3.4e, f), implying that effective IL-15 dependent 
immunoediting is a feature of tumour development within the skin that may be 
overlooked using the traditional ectopic route of s.c. B16 melanoma inoculation. 
Notably, this phenotype was reversed in mice lacking the negative regulator of  



Figure 3.4. Cellular and molecular requirements for spontaneous protection against e.c. 
inoculated B16 melanoma. (a, b, c, d) Proportion of mice remaining macroscopically tumour 
free (a, c) and mean tumour growth kinetics (b, d) following e.c. inoculation with 1 × 105 B16.gB 
melanoma cells. (e, f) Proportion of mice remaining tumour-free (e) and mean growth kinetics 
(f) following s.c. inoculation with 1 × 105 B16.gB or B16.VC melanoma cells. (g-l) Proportion of 
mice remaining macroscopically tumour-free (g-j, l) and mean tumour growth kinetics (k) 
following e.c. inoculation with 1 × 105 B16.gB melanoma cells. Data are pooled from two 
experiments (a, c, e, h, i, l, k) or three experiments (j), representative of two experiments (b, d, 
f) or from one experiment (g) with 5-15 mice per group per experiment. * p<0.05, *** p<0.001, 
**** p<0.0001, n.s; not significant, Log-rank Mantel Cox test (a, c, e, g-j, l) or multiple T tests 
(b, d, k). Individual dot points depict the mean and error bars represent SEM.
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IL-15 signalling CIS (encoded by Cish) expressed by NK cells and T cells (709), 
which were far more resistant to e.c. tumour development than WT counterparts 
obtained from the same animal facility (Fig 3.4g). 
 
To isolate the contribution of adaptive immune cells to protection from e.c. 
melanoma development, tumour growth kinetics were compared between WT B6 
mice and Rag1–/– mice selectively deficient in B and T cells. Like Rag2–/ – x Il2rg–

/– mice, Rag1–/– mice exhibited near complete tumour penetrance following e.c. 
B16.gB inoculation (Fig 3.4h), whereas µMT mice lacking only B cells were no 
more susceptible to e.c. tumour development than WT controls (Fig 3.4i). We 
observed a delay of around 1 wk in tumour onset in Rag1–/– by comparison with 
Rag2–/ – x Il2rg–/– mice (Fig 3.4a, i), suggesting that innate immune cells including 
NK cells or ILCs likely contribute to early tumour suppression. However, tumour 
penetrance was ultimately similar in Rag1–/– and Rag2–/ – x Il2rg–/– mice, indicating 
that T cells were essential for ongoing spontaneous protection following e.c. 
inoculation and for long-term melanoma control.  
 
Priming of tumour-specific CD8+ T cell responses following low inflammatory s.c. 
sarcoma inoculation (483) or OVA peptide injection (727) is critically dependent 
upon Type I interferon signalling. We therefore compared tumour growth kinetics 
in WT B6 mice and mice lacking the Type I Interferon receptor subunit 2 (IFNAR-
2–/–), which might be expected to exhibit a defective CD8+ T cell response. 
Overall, IFNAR-2–/– mice were no more susceptible to tumour development than 
WT mice (Fig 3.4j), although the rate of melanoma growth was slightly 
accelerated in KO animals (Fig 3.4k). Unexpectedly, although mice lacking 
IFNAR-2 displayed similar tumour penetrance to WT animals, mice deficient in 
the upstream inducer of Type I interferon STING (STING–/–) were significantly 
more susceptible to tumour development than control mice (Fig 3.4l). 
Collectively, these findings indicated that e.c. inoculated melanoma is edited by 
both innate and adaptive immune cells in the absence of extrinsic intervention, 
and that spontaneous and sustained protection from e.c. melanoma development 
is mediated specifically by T cells. 
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3.2.4 gBT-I cells recognise and eliminate B16.gB cells in vitro 
 
To analyse the nature and importance of CD8+ T cell responses to 
epicutaneously inoculated melanoma, we utilized gBT-I cells specific for the 
model neoantigen HSV-gB expressed by B16.gB melanoma cells. We first sought 
to confirm that gBT-I cells are capable of recognising B16.gB cells in vitro, and to 
determine whether effector gBT-I cells can mediate direct cytolysis of tumour cell 
targets. gBT-I cells were activated in vitro by incubation with their cognate peptide 
antigen prior to co-culture with B16.gB cells and anti-B16 responses assessed. 
Although pre-activated gBT-I cells produced IFNγ when incubated with gB-pulsed 
splenocytes, they failed to recognise and produce cytokines when cultured with 
B16.gB cells in vitro (Fig 3.5a). Closer inspection revealed that B16.gB cells 
expressed low levels of MHCI-Kb at steady-state in vitro, likely accounting for their  
inability to drive gBT-I cell IFNγ production (Fig 3.5b, gray shaded line). 
Treatment with IFNγ is known to induce MHCI expression on B16 melanoma cells 
(557). Consistent with this, pre-incubation of B16.gB cells with IFNγ was sufficient 
to promote homogenously high levels of surface MHCI expression (Fig 3.5b, c) 
and also triggered a dose-dependent reduction in the number of live B16.gB cells 
(Fig 3.5d), indicating that exposure to IFNγ alone can induce death or arrest 
division of B16.gB cells. 
 
Following incubation with IFNγ to elevate B16.gB MHCI expression, pre-activated 
gBT-I cells specifically recognised B16.gB targets in culture, as evidenced by 
their production of IFNγ after incubation with B16.gB but not B16.VC control cells 
transduced with an empty eGFP vector (Fig 3.5e). Enumeration of B16 targets 
revealed that gBT-I cells directly targeted and eliminated B16.gB cells in vitro (Fig 
3.5f). However, co-culture of gBT-I cells with IFNγ pre-treated B16.gB cells led 
to an incremental rise in the proportion of dead cells without considerably 
increasing the apoptotic fraction based on Annexin V (AnnV) expression (Fig 
3.5g), implying that gBT-I cell induced B16.gB death is mostly independent of 
apoptosis. These findings indicated that gBT-I cells could directly recognise and 
respond to B16.gB cells to effectuate tumour cell elimination in vitro. However,  
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the extent to which the anti-tumour activity of gBT-I cells depends upon 
conventional targeted cytolysis remains uncertain. 
 

3.2.5 Tumour-primed gBT-I cells form peritumoural TRM cells that correlate 
with spontaneous protection against e.c. inoculated melanoma 
 
Although naïve CD8+ T cells can be activated by s.c. injected B16 melanoma, the 
response elicited typically fails to slow tumour progression (378, 383, 493, 518, 
608). Given that Rag1–/– mice were highly susceptible to e.c. melanoma 
development, we assessed whether naïve CD8+ T cells were activated following 
e.c. melanoma inoculation and could mediate anti-tumour protection in this 
system. Low numbers (0.5-1 x 105) of naïve gBT-I.CD45.1 cells were transferred 
i.v. to B6.CD45.2 recipient mice prior to e.c. inoculation with B16.gB or HSV flank 
infection, for comparison with virally-primed responses (Fig 3.6a). Analysis of 
gBT-I cell frequencies in the blood over time revealed low but appreciable 
expansion of previously naïve cells by 13 d post e.c. B16.gB-inoculation, 
irrespective of whether mice developed tumours or remained macroscopically 
tumour-free (Fig 3.6b), further implying that reduced tumour penetrance following 
B16.gB inoculation is not a consequence of inefficient melanoma cell delivery. 
 
Expansion of gBT-I cells after B16.gB inoculation was considerably diminished 
by comparison with HSV flank infection, and whereas gBT-I cells responding to 
HSV had infiltrated the skin by 7 d post-infection, B16.gB-primed gBT-I cells were 
absent from the skin at this time (Fig 3.6b-e). Nevertheless, expanded gBT-I cells 
were observed in both the spleen and tumour-draining brachial LNs 7 d post-
inoculation (Fig 3.6c-e), where they had acquired a CD44hi surface phenotype 
and had downregulated CD62L (Fig 3.6f) reflecting tumour-driven activation. 
Additionally, gBT-I T cells responding to e.c. inoculated B16.gB displayed 
heightened expression of the early-activation marker CD69 in the brachial skin-
draining LN by comparison with cells responding to HSV infection (Fig 3.6g). 
Interestingly, unlike gBT-I cells activated by HSV infection, cells responding to 
B16.gB remained uniformly negative for the SLEC marker KLRG1 (Fig 3.6g), 
implying that they may have enhanced potential for memory cell formation and  
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highlighting qualitative differences in antigen-specific T cell priming during tumour 
development versus infection. Collectively, these findings indicated that naïve 
gBT-I cells are efficiently activated by e.c. inoculated B16.gB in the proximal skin-
draining LN within 7 d post-inoculation, but that the kinetics of T cell priming and 
dissemination may be delayed by comparison with HSV flank infection. In support 
of this, B16.gB-primed gBT-I cells proceeded to infiltrate the skin of both 
developer and early nondeveloper mice by 14 d post-e.c. melanoma inoculation, 
albeit with variably higher propensity and robustness in mice free of macroscopic 
tumours at that time point (Fig 3.6h, i). Numbers of tumour-primed gBT-I cells 
(Fig 3.6i), as well as their KLRG1 and CD62L expression (Fig 3.6j), were similar 
in SLOs in developer mice compared to mice remaining macroscopically tumour-
free at 14 d post-inoculation, implying that early control of e.c. tumour growth is 
not determined by the magnitude of the systemic T cell response. 
 
More reliable stratification of B16.gB e.c. inoculated mice into developer and 
nondeveloper cohorts could be performed more than 3 wks post-inoculation, 
when the majority of progressively growing tumours were expected to have 
manifested (Fig 3.2b, c). Enumeration of tumour-primed gBT-I cells revealed 
similar numbers of antigen-experienced gBT-I cells in the spleens of developer 
and nondeveloper mice. However, gBT-I cells were far more abundant in the 
proximal skin-draining LNs of developer mice, likely a consequence of the 
establishment of metastasis at this site (Fig 3.7a, b). Analysis of CD62L surface 
expression demonstrated that mice developing progressively growing tumours 
retained higher proportions of CD62Llo TEM cells in SLOs than nondeveloper 
mice, the latter of which mostly harboured CD62Lhi TCM-phenotype cells in both 
the spleen and brachial LN by 3 wks post-inoculation (Fig 3.7c). These 
differences may reflect ongoing activation of gBT-I T cells within B16.gB 
burdened LNs of developer mice. 
 
We next examined the frequencies and phenotype of tumour-primed gBT-I cells 
infiltrating the tumour microenvironment more than 3 wks post-e.c. B16.gB 
inoculation. Both the peritumoural skin at the invasive tumour margin and the  
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tumour mass were harvested from developer mice possessing macroscopic 
melanoma, whereas previously challenged skin corresponding to the e.c. 
inoculation site was collected from nondeveloper mice (Fig 3.7d). Low numbers 
of gBT-I cells infrequently infiltrated tumours of mice bearing B16.gB melanoma, 
where they variably expressed CD69 but did not upregulate the epithelial TRM cell 
marker CD103 (Fig 3.7e, f). In contrast, gBT-I cells found in peritumoural skin 
expressed high levels of both CD69 and CD103 (Fig 3.7e). Strikingly, gBT-I cells 
were most frequently found in the skin of protected nondeveloper mice, where 
they were uniformly CD69+CD103+ and persisted in significantly higher numbers 
than in the peritumoural skin of mice developing progressive melanoma (Fig 
3.7e, g-i). Although gBT-I TRM cell formation was not observed in every 
nondeveloper mouse, the majority harboured tumour-primed TRM cells in 
previously inoculated skin, whereas the reverse was true for developer mice (Fig 
3.7j). Collectively, these findings suggested that melanoma-primed gBT-I T cells 
infiltrate the site of B16.gB challenge and the tumour microenvironment where 
they differentiate into skin TRM cells that correlate with improved protection 
against melanoma development. 
 
Whilst gBT-I cell responses mounted reliably in developer mice, at least 
systemically, almost all progressively growing B16.gB tumours appeared to retain 
gB antigen expression as they continued to express the eGFP reporter (Fig 3.7k). 
Further inspection of the surface phenotype of tumour-primed gBT-I cells 
revealed elevated expression of the inhibitory receptor PD-1 on T cells entering 
proximal skin-draining LN or tumours of developer mice (Fig 3.7l, m), consistent 
with the notion that SLO-tropic gBT-I cells and TIL may represent chronically 
activated or exhausted effectors with reduced protective capacity. Interestingly, 
melanoma-primed gBT-I skin TRM cells expressed PD-1 to a similar degree in 
both developer and nondeveloper mice, and to a heightened extent by 
comparison with resting TCIRC cells (Fig 3.7l). 
 
We confirmed the peritumoural localization of tumour-primed CD8+ TRM cells 
using confocal and intravital microscopy. For intravital microscopy experiments,  
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naïve gBT-I.GFP cells were transferred to B6 recipient mice prior to e.c. 
inoculation with B16.gB.mCherry cells. CD8α+ lymphocytes (Fig 3.8a) and gBT-
I.GFP cells (Fig 3.8b) were more frequently identified at the tumour border than 
within the tumour mass following e.c. B16.gB melanoma inoculation. However, 
we found that melanin expression by B16.gB.mCherry cells impeded our ability 
to accurately resolve individual B16 tumour cells using intravital microscopy (Fig 
3.8b). Consistent with our flow cytometry analysis, gBT-I TRM cells could be 
visualized in the skin of non-developer mice at far higher densities than observed 
in developer skin (Fig 3.8b, c). These cells exhibited characteristic dendritic 
morphology and a slow mode of migration (Appendix Video 1), reminiscent of 
that shown for virus-specific skin TRM cells (156, 226). gBT-I TRM cells were far 
more frequent in previously tumour-challenged skin than in distal skin regions, 
indicating accrual of tumour-primed T cells was site-specific (Fig 3.8c). Thus, 
CD8+ T cells tended to congregate at the invasive margin of established 
epicutaneously inoculated melanomas, and higher densities of skin TRM cells 
associated with improved spontaneous control. 
 
To determine potential effector functions of melanoma-specific gBT-I TIL and 
protective skin TRM cells, we isolated tumour-primed gBT-I.CD45.1 cells from 
developer and nondeveloper mice more than 3 wks post-e.c. B16.gB inoculation 
and stimulated them ex vivo (Fig 3.9a). Like gBT-I cells activated by HSV 
infection, tumour-primed gBT-I cells in SLOs produced IFNγ, TNF and GzmB in 
response to PMA/ionomycin stimulation (Fig 3.9b, c). Whilst synthesis of all three 
molecules was similar between HSV-primed and tumour-primed gBT-I cells from 
developer and nondeveloper mice in the draining brLN, tumour-primed gBT-I 
cells from developer mice produced somewhat less IFNγ and TNF than HSV-
stimulated or nondeveloper gBT-I cells isolated from the spleen (Fig 3.9b). 
Conversely, splenic gBT-I cells from developer mice produced more GzmB than 
cells from mice displaying no signs of macroscopic melanoma disease (Fig 3.9b), 
perhaps as a consequence of ongoing tumour-driven activation. Tumour-primed 
gBT-I TRM cells in the skin produced slightly lower levels of IFNγ and TNF on 
average than those generated following HSV infection, and did not synthesise  
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appreciable GzmB or IL-17 following stimulation (Fig 3.9b). The tendency of 
tumour-primed skin TRM cells to produce less cytokines than HSV-generated TRM 
cells was more pronounced in developer mice than in nondeveloper mice (Fig 
3.9b).  In contrast, gBT-I cells isolated from the tumour mass displayed similar 
cytokine and GzmB production to HSV-experienced gBT-I cells. Whether tumour-
primed gBT-I T cells localised to SLOs or to the tumour microenvironment, many 
were polyfunctional, as they co-produced both IFNγ and TNF simultaneously (Fig 
3.9c, d). Collectively, these findings revealed that skin TRM cells generated in 
response to B16.gB display a conventional Tc1 cytokine profile, but suggested 
their effector function may be somewhat refractory by comparison with TRM cells 
developing after infection. 
 
TRM cells in human cancer lesions can exhibit reduced functionality and 
characteristics of exhaustion (141, 460). In order to interrogate the effector 
functions of tumour-primed TRM cells in developer and nondeveloper mice under 
more physiological conditions, we next assessed the ability of these cells to 
respond to antigen stimulation in situ within the tumour microenvironment. To this 
end, mice were transferred naïve gBT-I cells prior to challenge with B16.gB or 
HSV flank infection. More than 3 wks post-inoculation, we restimulated tumour- 
or HSV-primed gBT-I cells by injecting gB peptide and BFA intravenously 4-5 h 
prior to organ harvest. Intravenous peptide injection has previously been shown 
to efficiently induce cytokine secretion by both SLO-residing T cells and skin TRM 
cells (236). A separate cohort of mice received the irrelevant OVA peptide i.v. 
instead, allowing assessment of baseline effector molecule expression by 
unstimulated gBT-I cells (Fig 3.10a). gB peptide infusion efficiently induced 
production of IFNγ along with TNF and GzmB in SLO-residing gBT-I cells from 
both HSV-immune and B16 challenged developer mice. However, polyfunctional 
cytokine production and GzmB production by gBT-I cells was only marginally 
increased upon in vivo antigen challenge in nondeveloper mice (Fig 3.10b, c). 
Interestingly, tumour-primed gBT-I cells isolated from the spleen and brachial LN 
of developer but not HSV-immune or nondeveloper mice were found to produce 
low levels of GzmB or IFNγ in combination with TNF, respectively, in the absence  



a

105 B16.gB
or HSV e.c.

>1d >21d

ICS

B6.CD45.2

Naive
gBT-I.CD45.1

Figure 3.10. Tumour-primed gBT-I cells respond to cognate antigen stimulation in vivo. 
(a) Experimental schematic. 1 x 105 naive gBT-I.CD45.1 cells were transferred to B6 mice prior 
to e.c. inoculation with B16.gB or flank infection with HSV. >21 d following challenge, mice 
were injected with either 100µg of gB or OVA peptide in PBS containing BFA i.v. and organs 
were harvested 4-5 h later. (b-e) Cytokine production by gBT-I cells (spleen, Br LN, tumour) or 
CD69+CD103+ gBT-I TRM cells (skin) following injection of OVA or gB peptide. Data are pooled 
from 4 experiments with 3-15 mice per group per experiment. * p<0.05, **p <0.01, ***p <0.001, 
****p <0.0001, Mann Whitney test. Bars represent the mean.

d

b

4-5 h

100µg gB
or OVA pep i.v.

0

10

20

30

40

50

+ T
N

F+  (
%

)

OVA gB

HSV
Dv
Ndv

20

40

60

gB
T-

I G
zm

B+  (
%

)

0
OVA gB

c

0

5

10

OVA gB

+ T
N

F+  (
%

)

0

10

20

30

40

OVA gB

gB
T-

I G
zm

B+  (
%

)

0

10

20

30

40

50

OVA gB
gB

T-
I T

R
M

+ T
N

F+  (
%

)

0

10

20

30

40

50

OVA gB

gB
T-

I T
R

M
 G

zm
B+  (

%
)

e

HSV
Dv
Ndv

HSV
Dv
Ndv

OVA gB
0

50

100

+ T
N

F+  (
%

)

Tumour

brLN Skin

Spleen

n.s.

n.s.
**

****

n.s.
***

****

n.s.
**

****

n.s.
*

***

*
*

* ***
n.s.

*

n.s.

OVA gB

gB
T-

I G
zm

B+  (
%

)

0

50

100



 98 

of targeted restimulation (Fig 3.10b, c), likely reflective of ongoing stimulation by 
melanoma cells colonizing the SLOs. These findings implied that circulating 
tumour-primed gBT-I cells could retain some functionality in the face of unceasing 
activation. However, consistent with our observations following PMA/ionomycin 
restimulation, tumour-primed gBT-I cells localising to SLOs generally produced 
fewer effector proteins than HSV-stimulated gBT-I cells (Fig 3.10b, c), 
suggesting that these cells might be somewhat functionally impaired. 
 
Whilst tumour-primed gBT-I skin TRM cells produced less GzmB than their HSV-
activated counterparts following ex vivo stimulation, HSV- and tumour-generated 
gBT-I skin TRM cells equivalently upregulated IFNγ and TNF expression following 
antigen challenge (Fig 3.10d). De novo induction of GzmB expression in skin 
gBT-I TRM cells was more efficient in nondeveloper mice than in developer mice 
(Fig 3.10d), implying that skin TRM cells from developer mice may be more 
refractory to restimulation. However, similar to gBT-I cells localising to SLOs, skin 
TRM cells isolated from the peritumoural skin of developer mice already produced 
low levels of IFNγ and TNF or GzmB in the absence of intentional antigen recall 
(Fig 3.10d). Likewise, gBT-I cells infiltrating the tumour mass constitutively 
produced IFNγ, TNF and GzmB in the absence of intentional restimulation (Fig 
3.10e). Interestingly, although a slight increase in GzmB expression by tumour-
infiltrating gBT-I cells was observed following intravenous infusion of cognate 
peptide, the proportion of cells expressing IFNγ in combination with TNF were 
not elevated following restimulation (Fig 3.10e), suggesting local 
immunosuppression or functional differences may lessen the sensitivity of 
tumour-primed TIL to cognate antigen by comparison with peritumoural skin TRM 
cells. Together, these results confirmed that tumour-primed gBT-I cells are 
functional and remain responsive to cognate antigen in vivo, whether mice 
possess progressively growing tumours or are protected from tumour 
development. In addition, our findings implied that gBT-I skin TRM cells from 
developer mice and nondeveloper mice retain heightened functionality by 
comparison with tumour-infiltrating or SLO-localising tumour-primed T cells 
respectively. 
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3.2.7 Mice deficient in TRM cell formation are highly susceptible to e.c. 
melanoma development 
 
Our findings in Section 3.2.6 implied that spontaneous formation of peritumoural 
TRM cells correlated with improved protection from e.c. inoculated melanoma. 
Thus, we sought to determine whether mice unable to generate TRM cells would 
be capable of suppressing melanoma development. B16.gB cells were 
transferred e.c. to WT B6 or CD69-deficient mice in which TRM cell formation is 
defective due to reduced early retention of TRM precursor cells in the skin (220). 
Cd69–/– mice were highly susceptible to e.c. melanoma development by 
comparison with WT B6 mice (Fig 3.11a), although overall growth kinetics were 
similar between the two strains (Fig 3.11b). CD103–/– mice in which skin TRM cells  
fail to persist over time (179) also exhibited higher tumour penetrance than their 
B6 counterparts (Fig 3.11c, d). 
 
Many other immune cells including γδ dermal-epidermal T cells (DETC) and skin 
DCs can express CD69 and CD103 (452, 728). To validate that heightened 
susceptibility to tumour growth observed in CD69 or CD103 deficient mice was 
most likely attributable to reduced TRM cell formation, we reconstituted Cd69–/– 
recipient mice with WT gBT-I cells prior to B16.gB challenge. Transfer of naïve 
WT gBT-I cells to Cd69–/– mice rescued spontaneous protection against e.c. 
melanoma (Fig 3.11e), indicating that CD69 expression by tumour-specific T 
cells was sufficient to promote tumour rejection. Together, these findings 
indicated that tumour-primed TRM cell formation is an important step in primary 
melanoma control.   
 

3.2.8 Generation of CD69+CD103– TIL and peritumoural TRM cells occurs 
independently of local antigen recognition 
 
Whilst TRM cells in most peripheral tissues including the skin do not require local 
antigen recognition for their development (146, 151), those localizing to the 
nervous system and lung do (147, 729). Conversely, chronic infection with LCMV 
or continuous antigen presentation has been shown to oppose CD103  
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upregulation by CD8+ T cells (151, 207). Although peritumoural and 
nondeveloper TRM cells were CD69+CD103+ following e.c. melanoma inoculation, 
TIL from developer mice failed to express CD103 (Fig 3.7). To determine the 
influence of local antigen recognition on tumour-specific TRM and TIL 
differentiation, B6.CD45.2 mice bearing B16.gB tumours were co-transferred 
equal numbers of OT-I.CD45.1.CD45.2 and gBT-I.CD45.1 T cells i.v. immediately 
prior to infection with HSV-OVA on the opposing flank (Fig 3.12a). In this 
scenario, both OT-I cells and gBT-I cells will be activated by HSV infection, but 
only gBT-I cells will be exposed to local antigen in the tumour microenvironment. 
Whilst gBT-I and OT-I cells initially expanded equivalently upon HSV infection 
(Fig 3.12b), the relative proportion of gBT-I cells steadily declined over time by 
comparison with OT-I cells in SLOs (Fig 3.12b, c), indicating that chronic antigen  
exposure negatively impacted establishment of systemic memory T responses in 
tumour-bearing mice. 
 
gBT-I cells in both HSV-infected and peritumoural skin displayed similar CD69 
and CD103 expression by 4 wks post-infection (Fig 3.12d), with a surface 
phenotype that was largely reminiscent of that acquired by tumour-primed 
peritumoural TRM cells (Fig 3.7e). Whilst the total numbers of gBT-I TRM cells were 
lower than OT-I TRM cells in peritumoural skin, consistent with the global reduction 
in gBT-I cells observed systemically, equivalent numbers of gBT-I and OT-I TRM 
cells were retained in HSV-infected skin (Fig 3.12e, f), which suggested that 
prolonged local antigen exposure may oppose peritumoural TRM cell 
accumulation or maintenance. However, the frequency of cells with a 
CD69+CD103+ surface phenotype was similar in both HSV-infected and 
peritumoural skin and between gBT-I and OT-I cells (Fig. 3.12g), implying that 
local antigen recognition affected T cell persistence but did not influence 
peritumoural TRM cell commitment per se. Of note, TIL exhibited minimal CD103 
upregulation and similar levels of CD69 expression irrespective of whether they 
were exposed to local antigen within the tumour bed or not (Fig 3.12d, i), 
although a minor population of CD69+CD103+ TRM-phenotype non-specific OT-I 
cells could be isolated from tumours at 4 wks post-infection (Fig 3.12g, h). These  
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findings ultimately suggested that peritumoural TRM cell differentiation does not 
require local antigen presentation. Additionally, the expression of CD69 by TIL is 
largely independent of cognate-antigen driven activation, and the tendency for 
TIL to remain CD103– appears to be dictated by microenvironmental signals 
within the tumour rather than continued antigen exposure. 
 
3.2.9 Tumour-primed gBT-I cells are not tolerised by tumour exposure 
 
Our results showed that tumour-primed gBT-I cells persisted in lower numbers in 
developer mice than in HSV-immune mice, with an altered phenotype including 
heightened expression of the exhaustion marker PD-1 in SLOs (Fig 3.6, 3.7). 
Prolonged antigen exposure appeared to drive gradual loss of tumour-specific T 
cells over time (Fig 3.12c), which could indicate exhaustion or tolerization in the 
face of chronic antigen exposure. To establish whether tumour-primed gBT-I cells 
remain responsive to cognate antigen following melanoma development, naïve 
gBT-I.CD45.1 cells were transferred to mice that were subsequently inoculated 
with B16.gB e.c.. Approximately 3wks later, mice bearing macroscopic 
melanomas were infected with HSV-KOS on the opposing flank to prompt 
secondary activation of tumour-exposed gBT-I cells, and responses analysed at 
the peak of the CD8+ T cell response to HSV (8 d post-infection) (Fig 3.13a). Both 
tumour-primed and naïve gBT-I cells expanded to a similar extent and 
comparably downregulated the activation marker CD62L following HSV infection, 
indicating that tumour-experienced CD8+ T cells are capable of mounting a 
secondary response analogous in magnitude and quality to naïve T cells (Fig 
3.13b-d). HSV infection induced considerable upregulation of the SLEC marker 
KLRG1 and early-activation marker CD69 on tumour-primed gBT-I cells, as well 
as lower surface expression of the exhaustion marker PD-1, indicating that 
tumour-specific CD8+ T cells retain phenotypic plasticity even after prolonged 
tumour exposure (Fig 3.13c-f). However, qualitative differences between the 
naïve and tumour-primed gBT-I cell response were also observed, including a 
tendency to express lower levels of IL-2Rα (CD25) following reactivation (Fig 
3.13e). 
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Restimulated gBT-I cells were capable of infiltrating both HSV-infected skin and 
the tumour microenvironment, but appeared to be preferentially diverted into the 
melanoma mass of tumour-bearing mice at the expense of lesional skin (Fig 
3.13g, h). The combined numbers of skin-localising gBT-I cells isolated across 
tumour and HSV-infected sites was similar following infection of either tumour-
bearing or previously naïve mice, suggesting that tumour-exposed gBT-I cells 
were not defective in their ability to migrate to peripheral tissues (Fig 3.13g).  Both 
tumour-experienced and previously naïve gBT-I cells infiltrating HSV-infected 
skin had upregulated the TRM cell differentiation marker CD69 and SLEC marker 
KLRG1 to equivalent extents at 1 wk post-infection, implying that restimulated 
tumour-primed gBT-I cells would have a similar capacity for skin TRM cell 
formation as inexperienced T cells (Fig 3.13h). Collectively, these data  
suggested that tumour-primed CD8+ T cells are not tolerised by antigen exposure 
and indicated that these cells preserve the capacity for both expansion and 
peripheral migration when exposed to appropriate stimulatory cues. 
 

3.2.10 Peritumoural TRM cells but not TIL transcriptionally resemble 
steady-state skin TRM cells 
 
Our results indicated that tumour-primed CD8+ T cells in peritumoural or tumour-
challenged skin upregulated the epithelial TRM cell marker CD103, whereas a 
large proportion of TIL were CD69+CD103– (Fig 3.7e). CD69+CD103– TRM cells 
have been described in a variety of tissues including SLOs, the lamina propria of 
the small intestine and in the female reproductive tract (165, 167, 172). However, 
CD69+CD103– cells in other tissues including the skin (169) and thymus (170) 
are not bona fide permanent tissue-residents, indicating that CD69 expression 
can be dynamically regulated by CD8+ T cells engaging in temporary transit 
through the tissue. To uncover the extent to which peritumoural TRM cells and 
CD69+CD103– TIL resemble orthodox TRM cells in resting peripheral tissues, we 
compared the gene expression profiles of T cells localizing to the tumour 
microenvironment to the core transcriptional signature shared by TRM cells 
localizing to the skin, lung and gut following infection resolution (179). In order to 
generate sufficient numbers of identically primed TRM cells for analysis, in vitro 
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activated gBT-I.CD45.1 T cells were transferred i.v. to mice bearing established 
B16.gB tumours or to naïve mice treated with DNFB on the flank to draw 
transferred cells to the skin, and cells were sorted from the tumour 
microenvironment, DNFB-treated skin or spleen 2 wks after gBT-I cell transfer 
(Fig 3.14a). As for HSV infection (Fig 3.13), this approach led to the formation of 
CD69+CD103+ peritumoural TRM cells and CD69+CD103– TIL in tumour-bearing 
mice, as well as a population of conventional CD69+CD103+ TRM cells in resolved 
DNFB-treated skin (Fig 3.14b). In addition, analysis at 14 d post-cell transfer 
allowed for isolation of differentiating CD69+CD103– T cells from both 
peritumoural and DNFB-treated skin (Fig 3.14b), such that gene expression by 
these cells could also be compared to CD69+CD103– TIL using quantitative real-
time PCR (qPCR). 
Analysis of 31 of the 37 genes commonly expressed by TRM cells from various 
tissues (179) revealed that peritumoural TRM cells largely resembled those 
isolated from steady-state DNFB-treated skin (Fig 3.14c, d). Consistent with prior 
reports (261, 262), the vast majority (~90%) of the TRM cell core transcriptional 
signature had already been acquired by 14 d post-treatment by both peritumoural 
and DNFB-lodged TRM cells (Fig 3.14e). In contrast, CD69+CD103– TIL gene 
expression only partially approximated the TRM cell core signature (Fig 3.14c-e), 
with most differences resulting from a failure to upregulate rather than 
downregulate TRM cell associated genes (Fig 3.14e). Closer inspection revealed 
that most genes downregulated by TRM cells compared to TCIRC cells are also 
downregulated by recently activated T cells expressing CD69 (Fig 3.14e, d), and 
that most of these genes were likewise reduced in CD69+CD103– TIL. 
 
Comparisons between CD69+CD103– gBT-I cells isolated from DNFB-treated 
and peritumoural skin as well as the tumour mass were performed to exclude 
genes that were more likely to be abberantly regulated as a result of the 
progressive step-wise differentiation of TRM cells through a CD69+CD103– state. 
At least 8 core-signature genes specifically dysregulated by CD69+CD103– TIL 
by comparison with CD69+CD103– in skin were identified, with most being 
expressed at lower levels by comparison with bona fide TRM cells (Fig 3.14f).  
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Several of these genes were associated with cellular adhesion (Itga1, Itgae, 
Cdh1), but were also found to encode transcription factors (Eomes) or metabolic 
regulators and signalling molecules (e.g. Hpgds, Qpct, Hspa1a) (Fig 3.14f and 
Table 3.1). However, compared to in vitro activated CD69+ gBT-I cells, 
CD69+CD103– TIL did upregulate a number of TRM cell associated genes 
including the chemokine Xcl1, transcriptional regulators such as Nr4a1, Nr4a2 
and Litaf and signalling regulators such as Rgs1 and Rgs2, most of which are 
known to be upregulated early after TCR triggering and recent T cell activation 
(730-734). Consistent with a role for continued activation in directing the 
CD69+CD103– TIL phenotype, these cells also expressed elevated levels of 
costimulatory/inhibitory molecules such as Ctla4 and Icos by comparison with 
TCIRC cells. These data indicated CD69+CD103– TIL were unlikely to be true TRM 
cells, as they displayed an transcriptional profile intermediate to that of TCIRC cells 
and TRM cells and reminiscent of recirculating CD69+CD103– cells found in other 
non-lymphoid tissues (170). In contrast, peritumoural TRM cells are nearly 
transcriptionally identical to those forming after infection. 
 
We extended our analysis of CD69+CD103+ peritumoural TRM and CD69+CD103– 

TIL gene expression to include relevant genes involved in migration and 
trafficking, differentiation and survival and effector functions of T cells. Genes 
shown are ranked according to the most differentially expressed between DNFB-
lodged TRM cells and CD69+CD103– TIL in each section (Fig 3.15a-e). We found 
that peritumoural and DNFB-lodged TRM cells exhibited similar regulation of most 
migratory, commitment and survival genes (Fig 3.15a-c), including Cxcr3 which 
is known to be required for peripheral tumour recruitment (485, 514). Notably, 
and CD69+CD103– TIL expressed elevated levels of the migratory-promoting 
CCL19/20 receptor Ccr7 by comparison with TCIRC and TRM cells, the latter of 
which require downregulation of this marker for initial peripheral retention (179). 
In addition, CD69+CD103– TIL displayed reduced Cx3cr1 and elevated Cxcr4 
expression by comparison with skin TRM cells (Fig 3.15a). 
 
  



Table 3.1. TRM core signature gene regulation by CD69+CD103- TIL compared to splenic 
gBT-I cells. Genes selected from the TRM core gene signature that either showed >2-fold 
differential expression (upregulated) by comparison with splenic gBT-I cells from 
tumour-bearing mice or were not differentially expressed (failure to upregulate, <2-fold differ-
ence) by comparison with splenic gBT-I cells from tumour-bearing mice. Genes are listed in 
order of most highly upregulated to least highly upregulated with corresponding gene func-
tions and relevant gene ontology (GO) pathway terms provided.

Xcl1
Nr4a2

Litaf
Nr4a1

Sik1
Ctla4
Rgs2
Rgs1

Skil
Icos

Upregulated

Not upregulated
Hpgds

Tmem123
Hspa1a
Inpp4b
Cd244

Qpct
Itga1
Cdh

Itgae

Function GO pathway term
Chemokine
Transcriotion factor
Transcription factor
Transcription factor
Signal transduction
Inhibitory signalling
Inactivation of G protein signalling
Inactivation of G protein signalling

Costimulation

Enzyme
Transmembrane protein
Heat shock protein
Enzyme
Regulation of cytotoxicity
Pyroglutamyl synthesis
Adhesion protein
Adhesion protein
Adhesion protein

Chemotaxis
Transcription regulation
Regulation of cytokine production/transcription
Transcription regulation
Protein kinase activity
Immune response process
Signal transduction
Protein binding
Negative regulation of transcription
T cell costimulation

Metabolic process
Oncosis/cell death
Negative regulation of proliferation
Biosynthetic process
Natural killer cell activation
Cellular protein modification
Cell adhesion
Cell adhesion
Cell adhesion

Encodes

X-C motif chemokine ligand 1
Nuclear receptor subfamily 4 group A member 2
Lipopolysaccharide induced TNF factor
Nur77
Salt inducible kinase 1
Cytotoxic T lymphocyte associated protein 4
Regulator of G protein signalling 2
Regulator of G protein signalling 1
Ski-like protein
Inducible costimulator

Haematopoeitic prostaglandin D synthase
Transmembrane protein 123
Heat shock protein family A member 1a
Inositol polyphosphate 4 phosphatase type II
2B4
Very-late antigen 1 (VLA-1)
E-cadherin
Integrin a e
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Figure 3.15. Gene expression by peritumoural TRM cells, TIL, and within the tumour micro-
environment. (a-e) Heat maps depicting expression of indicated genes compared to spleen 
TCIRC cells from samples in Figure 3.14. Genes are listed from most to least differentially 
expressed by CD69 SP TIL cells by comparison with DNFB TRM cells, with arrows indicating 
direction of differential expression by CD69 SP TIL. No arrow means differential expression was 
<2-fold. (f, g) Relative gene expression (RE) by indicated sorted cell populations from (a-e) com-
pared to the housekeeping genes Gapdh, Hprt and Tbp 2 (h) 
Gene expression (RE) in whole homogenised tumours, peritumoural skin (P Sk Dv), macroscpi-
cally tumour-free skin of nondevelopers (Ndv skin) or skin from naive mice (Naive Sk) relative to 
the housekeeping genes Gapdh, Hprt and Tbp 2
were harvested >2 wks following e.c. inoculation with 105 B16.gB cells. Data are pooled from 2 
experiments with 10-20 mice per group per experiment (a-g) or 3-9 mice per group per experi-
ment (h). ***p < 0.001, n.s.; not significant, two-tailed Mann Whitney test.
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Consistent with the notion that CD69+CD103– TIL are not bona fide residents, 
these cells expressed lower levels of the residency-defining transcription factor 
Hobit (215) and the skin-TRM cell survival factor Ahr (226), instead expressing 
higher amounts of the TCM cell markers Sell (encoding CD62L) and Tcf7 
(encoding TCF1), as well as the downstream Notch signaling factor Rbpj, and the 
exhaustion-associated transcription factor Irf4 (735) (Fig 3.15b). CD69+CD103– 

TIL displayed elevated expression of the gene encoding hypoxia inducible factor 
1α (Hif1a), and had dysregulated expression of the genes Cish, Bcl2, Bcl2l1 and 
Bcl2l11 by comparison with skin TRM cells (Fig 3.15c), potentially indicative of 
reduced IL-15 signalling (709, 736, 737), which is essential for TRM cell 
commitment in skin (169, 179). Collectively, these findings reveal several 
fundamental qualitative differences between CD69+CD103– TIL and skin TRM 
cells that extend beyond the TRM cell core transcriptional signature. 
 
Analysis of effector and inhibitory molecules by peritumoural TRM cells compared 
to DNFB-lodged TRM and CD69+CD103– TIL indicated that T cells localizing to the 
tumour microenvironment produced less Tnf and Prf1 (encoding perforin), but 
similar Ifng and GzmB (encoding GzmB) compared to skin TRM cells at steady-
state (Fig 3.15d). Like tumour-primed gBT-I cells, in vitro activated gBT-I cells 
entering the tumour microenvironment expressed multiple effector molecules 
simultaneously, at least at the transcriptional level. However, expression of both 
Tnf and Prf1 was higher in peritumoural TRM cells compared to CD69+CD103– TIL 
(Fig 3.15d), indicating that peritumoural TRM cells may have heightened effector 
function in vivo. In line with this, CD69+CD103– TIL also displayed upregulated 
Tgfb1 expression by comparison with peritumoural and DNFB-lodged TRM cells 
(Fig 3.15d). Unsurprisingly, both peritumoural TRM cells and CD69+CD103– TIL 
expressed elevated levels of costimulatory and inhibitory molecules such as Tigit, 
Pdcd1 (encoding PD-1), Lag3 and Tnfrsf9 (encoding 41-BB) by comparison with 
TCIRC cells from tumour-bearing mice (Fig 3.15e). Consistent with prior findings 
(198), DNFB-lodged TRM cells also displayed elevated expression of most 
inhibitory molecules analysed at steady-state. (Fig 3.15e). However, expression 
was generally heightened in cells localizing to the tumour microenvironment, with 
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CD69+CD103– TIL expressing somewhat higher levels of Tnfsr9, Tigit and Lag3 
by comparison with peritumoural TRM cells (Fig 3.15e). These findings indicated 
that both peritumoural TRM and TIL cells displayed a polyfunctional effector profile 
and a signature of chronic stimulation within the tumour-microenvironment. 
 
Like infection-generated TRM cells in skin (261), DNFB-lodged and peritumoural 
TRM cells and CD69+CD103– TIL all selectively expressed Fabp5. However, unlike 
DNFB-lodged and peritumoural TRM cells, TIL did not appear to upregulate Fabp4 
expression, and in vitro activated cells localizing to the skin at 14 d post-transfer 
were also found to express low levels of Fabp3 and Fabp9, which has not been 
previously described (Fig 3.15f). Whilst all T cell populations expressed the 
metabolic regulator Ppard, peritumoural and DNFB-lodged TRM cells also variably 
expressed Ppara, whereas expression of this gene was not observed in 
CD69+CD103– TIL (Fig 3.15g). These findings suggest that peritumoural TRM 
cells also generally resemble steady-state skin TRM cells with respect metabolic 
dependency, and whilst the FABP expression profile of CD69+CD103– TIL was 
relatively similar, these cells might exhibit somewhat dysregulated fatty acid 
metabolism. 
 
Given that CD69+CD103– TIL failed to upregulate TGFβ-driven cellular adhesion 
genes (Fig 3.15c, e) and displayed a gene signature potentially indicative of 
defective IL-15 signalling (Fig 3.15c), we performed qPCR on bulk homogenized 
tumour and peritumoural tissue to quantify expression of these cytokines within 
the total tumour microenvironment. However, we found that all three isoforms of 
TGFβ and IL-15 were expressed at higher or at equivalent levels in the tumour 
mass by comparison with steady-state skin (Fig 3.15h), which is sufficient to 
support the generation of skin TRM cells even in the absence of inflammation 
(157). This indicated that the inability of the epicutaneous melanoma tumour bed 
to support CD69+CD103+ TRM formation could not be explained by insufficient 
availability of TRM-fate promoting cytokines. 
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3.3 Discussion 
 
Traditional s.c. B16 melanoma implantation results in uniformly rapid tumour 
growth without appreciable spontaneous CD103+CD8+ T cell formation (448). 
Here, we have developed and characterised an alternate e.c. method of B16 
melanoma inoculation in which cancer cells are targeted to the epithelium, 
probing development of CD69+CD103+ skin TRM cells that associate with 
spontaneous tumour control. 
 
Tumour growth following e.c. melanoma cell transfer was considerably delayed 
by comparison with that occurring upon s.c. delivery, suggesting that tumours 
developing in situ within skin are more immunogenic than those transplanted 
ectopically. In support of this, immunodeficient Il15–/– mice displayed accelerated 
tumour growth specifically after e.c. but not s.c. B16 cell transfer. Similarly, s.c. 
B16 tumours have been shown to grow identically in mice possessing and lacking 
adaptive immune cells (508, 605), suggesting that appreciable immune control of 
B16 melanoma is a feature specific to the e.c. inoculation route. Despite this, 
tumours developing s.c. are reliably infiltrated by T cells (381, 695), implying that 
the s.c. tumour models typically used to study cancer development in mice do 
generate anti-tumour immune responses, but that these are more likely to be 
ineffective by comparison with those elicited following e.c. inoculation. 
 
In stark contrast to s.c. inoculated mice, approximately 40% of immunocompetent 
mice transferred B16 cells e.c. resisted progressive tumour growth, remaining 
apparently macroscopically tumour free for the duration of experiments. The high 
incidence of these nondeveloper mice following epicutaneous inoculation could 
have been a consequence of inefficient B16 cell migration from overlaid gel into 
the skin. However, we found that trackable pre-activated T cells could transit into 
the skin and derive TRM cells with high efficiency. Instead, spontaneous tumour 
protection depended upon T-cell mediated control. We have not here interrogated 
the relative contributions of CD8+ and CD4+ T cells to spontaneous protection 
from e.c. melanoma. Challenge experiments performed in MHCI, MHCII or CD8α 
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deficient mice could permit further delineation of the specific cell subsets critical 
for effective control in our model. However, our finding that CD8+ TRM cell 
formation correlates with tumour suppression implies an important protective role 
for CD8+ T cells, consistent with cellular requirements for spontaneous control 
observed in other tumour settings (232, 344, 365, 377). 
 
We infrequently witnessed establishment of stable tumours that did not increase 
in size for several weeks, or protracted tumour progression long after B16 
implantation. The latter of these observations indicated that B16 melanoma cells 
had been maintained at subclinical levels in the skin of some mice that were free 
of apparent tumour disease for extended periods. These findings therefore 
implied that spontaneous tumour protection could occur in mice that failed to 
completely eliminate melanoma, and raised the possibility that a proportion of 
nondeveloper mice might indefinitely harbor macroscopically undetectable B16 
cells in previously challenged skin. Indeed, tumour-immune equilibrium that is 
dependent on adaptive immune cell activity has been shown to occur following 
MCA treatment to induce carcinogenesis under the skin (385, 429), but has not 
been formally demonstrated for transplantable tumours in the absence of 
extrinsic activating stimuli such as vaccination or ACT. 
 
Whilst we showed that an anti-tumour T cell response, and specifically TRM cell 
formation, was critical for spontaneous control of melanoma growth, we found 
that mice lacking Type I interferon signalling were no more susceptible to e.c. 
melanoma than WT mice. Although TRM cells can form in the absence of local 
Type I Interferon signalling (195), this observation was surprising given that Type 
I interferon is known to be important to drive CD8+ T cell expansion following 
infection (738) and after s.c. tumour inoculation (357, 483) by enhancing DC 
maturation (739). It is possible that other cytokine signals can replace Type I 
interferon for licensing of CD8+ T cell activation in response to e.c. melanoma. IL-
12 and IL-15 can substitute for Type I interferon signalling to enhance CD8+ T 
cell responses (737, 740-742), and IFNγ has also been shown to induce DC 
maturation following tumour implantation (562). Furthermore, in light of our 
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results using IFNAR deficient mice, it was unexpected that mice lacking STING 
were more susceptible to e.c. melanoma growth than WT mice. Anti-tumour 
functions previously described for STING have typically been dependent on Type 
I Interferon induced activation of CD8+ T cell responses (486, 743). However, 
STING activation can also drive upregulation of other molecules such as IL-12 
and costimulatory factors (486), and STING agonists are able to mediate anti-
tumour effects through Type I Interferon independent pathways following s.c. B16 
melanoma inoculation (744).  
 
We found that naïve tumour-specific CD8+ T cells could be primed in skin-draining 
LN of tumour-inoculated mice, irrespective of whether these mice went on to 
develop a progressively growing tumour. Although the magnitude of CD8+ T cell 
expansion observed after tumour inoculation was far lower than that occurring in 
the context of skin infection (154), it was sufficient to give rise to populations of 
long-lasting memory T cells in the circulation and skin. Antigen-experienced 
tumour-specific T cells were always observed systemically in e.c. inoculated 
mice, but skin TRM cells were preferentially generated in those that resisted 
macroscopic tumour growth. The reason for heterogeneous TRM cell formation in 
identically treated mice with equivalent systemic responses is unclear. Both 
developer and nondeveloper mice generated a tumour-specific CD8+ T cell 
response comprising mostly of the KLRG1– MPEC-phenotype cells known seed 
the skin TRM pool (179) and with equivalent CD62L downregulation. At face value, 
tumour-primed CD8+ T cells would therefore be expected to acquire the capacity 
for TRM cell differentiation in both developer and nondeveloper mice. However, it 
is possible that CD8+ T cells from developer mice fail to upregulate the homing 
markers necessary for skin infiltration following priming, or that signals variably 
present in either the LN or skin oppose TRM cell commitment. An important 
question is whether skin TRM cell development or persistence is locally 
suppressed as a consequence of tumour growth, such that establishment of a 
progressive tumour leads to a lack of TRM cell formation in developer mice, or 
whether a pre-existing deficiency in TRM cell formation favours tumour escape. 
Although we have shown that the tumour bed itself fails to support CD103+ TRM 
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cell differentiation, both in vitro activated and HSV-primed CD8+ T cells can 
efficiently generate TRM cells in peritumoural regions of skin of mice possessing 
established tumours, indicating that tumour-afflicted skin does not intrinsically 
oppose TRM cell differentiation. Whilst the majority of overtly protected mice 
possessed gBT-I skin TRM cells after B16.gB inoculation, this was not universal, 
and for some nondeveloper mice gBT-I cells could not be identified in the skin, or 
mice presented with very low numbers of skin TRM cells. These findings may 
suggest that other adaptive immune cells such as CD4+ T cells can contribute to 
long-term protection against melanoma. However, it is also likely that 
indistinguishable endogenous TRM cell responses against the gB or alternate 
B16-associated antigens are generated following inoculation. Whilst we were 
unable to interrogate endogenous CD8+ T cell responses or those directed 
against alternative B16 epitopes in the present experiments, future studies using 
MHCI-Kb-gB tetramers or pMEL T cells specific for the endogenous melanocytic 
antigen gp100 are warranted. In addition, the efficiency of TRM cell isolation from 
tissues using enzymatic and mechanical digestion protocols is known to be 
extremely low (167), and numbers of TRM cells calculated to reside in mouse skin 
are therefore likely underestimated in our study. Although it remains probable that 
the efficiency of viable T cell isolation differs between peritumoural skin and 
tumours as a consequence of distinctive tissue characteristics, our intravital 
microscopy confirmed that preferential accumulation of TRM cells at the tumour 
border is not an artefact of flow cytometric analysis and associated digestion 
protocols (also see Chapter 5). 
 
Consistent with the observation that higher densities of TRM cells could be isolated 
from skin of nondeveloper mice compared with peritumoural skin, an inability to 
generate TRM cells was associated with increased susceptiblity to e.c. melanoma 
development. Our experiments used mice that were globally deficient in 
molecules required for TRM formation such as CD69 and CD103. CD103 is also 
expressed by peripherally localised DCs (745) and Treg cells (746, 747), and a 
loss of this molecule could therefore have TRM-cell independent effects. 
Moreover, CD69 expression influences CD4+ T cell differentiation (223, 748, 
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749), DC migration (452) and γδ T cell function (750) and could also play a role 
in alternate aspects of the anti-tumour immune response. In spite of this, we 
showed that a proportion of mice are spontaneously protected from e.c. 
melanoma in a scenario where only transferred CD8+ T cells are capable of 
expressing CD69. Despite being expressed early after activation, loss of CD69 
does not appear to affect the magnitude or nature of CD8+ T cell priming (220, 
751, 752). Thus, the increased susceptibility to e.c. melanoma we observed in 
globally deficient CD69-/- mice can most likely be attributed to defective skin TRM 
cell formation.  
 
Whilst we have uncovered the cellular subsets mediating spontaneous protection 
against e.c. melanoma and shown a paramount role for TRM cells, the exact 
effector mechanisms or molecules required for long-term control are yet to be 
elucidated. Tumour-specific TCIRC and skin TRM cells upregulated expression of 
multiple effector proteins in vivo and secreted both IFNγ and TNF upon 
restimulation. This polyfunctional Tc1 TRM cell phenotype parallels that which has 
been described for TRM cells generated following infection (49, 237) and isolated 
from human tumours (240, 477). Although we show that recently activated 
tumour-specific CD8+ T cells can recognise and kill tumour cells in vitro, this 
process did not appear to depend on apoptosis and may not require direct 
cytolysis. TRM cell mediated control could therefore rely more strongly on cytokine 
driven suppression than direct killing, although this remains to be determined.  
 
The vast majority of tumour-primed T cells in developer mice congregated in skin 
surrounding the invasive tumour margin. This high concentration of T cells at the 
tumour edge is similar to what has been observed in human melanoma (409, 
411) and in other mouse models (753). We showed that CD69+CD103+ TRM cells 
resembling archetypal infection-generated TRM cells could form in peritumoural 
skin but not in the tumour bed. In humans, immune composition also differs 
greatly between alternate regions of the same tumour (408) and CD103+ TRM-like 
cells are frequently found in epithelial areas (412, 467, 469, 472, 474). CD103– 
TIL acquired some hallmarks of tissue residency, such as downregulation of the 
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S1pr1/Klf2 axis, but retained more of a migratory profile than bona fide TRM cells 
as they failed to downregulate CCR7 or upregulate cellular adhesion molecules. 
This differs from TRM cells isolated from human tumours that are typically CCR7– 
(466, 477), and may encourage T cell migration from the tumour mass towards 
SLOs (258, 259). Expression of CXCR4 by CD103– TIL could also negatively 
affect their ability to mediate tumour control by diverting cells towards CXCL12-
producing CAF (523, 524, 754). CD103– TIL displayed a gene profile largely 
correlated with a signature of recent T cell activation, with heightened expression 
of effector and exhaustion-associated TFs, although microenvironmental signals 
also likely influence the CD103– TIL phenotype. 
 
Neither peritumoural CD69+CD103+ TRM cells or CD69+ TIL required local antigen 
recognition for their differentiation, and CD69 expression by CD103- TIL therefore 
appeared to be contingent on microenvironmental signalling. In a similar fashion, 
resting memory T cells migrating through the skin (169), intestine, salivary gland 
(219) and thymus (170) can all temporarily upregulate CD69 in the absence of 
antigen stimulation. CD103– TIL expressed heightened levels of Hif1a compared 
to circulating cells and skin TRM cells, consistent with the oxygen deprivation likely 
to occur in the tumour bed (616). HIF-1α has been shown to directly regulate 
expression of CD69 in the hypoxic tumour microenvironment independently of 
antigen (755) and can also reduce expression of the skin TRM cell transcription 
factor Ahr (756). Possible hypoxia combined with a likely deficiency of nutrients 
and metabolites in the tumour centre might conceivably oppose acquisition of a 
CD103+ TRM cell phenotype, however the exact combinations of factors 
discouraging TRM formation within the tumour bed are yet to be determined. The 
CD103– phenotype of TIL was maintained despite high levels of IL-15 and TGFβ 
being produced within the tumour microenvironment. This might indicate that the 
tumour microenvironment contains other unidentified cytokines and signals that 
can interfere with TRM cell differentiation, such as IFNβ and IL-12 which have 
been shown to suppress CD103 upregulation in the intestine (195). However, we 
have only examined IL-15 and TGFβ at the transcriptional level, it remains 
possible that these cytokines are present in an incorrect form for use by 
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differentiating CD8+ T cells. TGFβ needs to be activated by αvβ6 expressed by 
skin keratinocytes (270) to support TRM cell commitment and IL-15 must be 
transpresented to CD8+ T cells by epithelial cells in peripheral tissues (757). 
Alternatively, these cytokines could be siphoned away from differentiating TRM 
cells by other tumour-localising immune cells acting as cytokine sinks. 
Additionally, the sequence in which IL-15 and TGFβ signals are received appears 
to be important for instructing CD103 upregulation (241), and may be perturbed 
within the tumour bed by comparison with steady-state skin. 
 
One outstanding question is why tumours eventually escape in developer mice 
that mount a CD8+ T cell response and sometimes even generate TRM cells. 
Progressively growing tumours generally did not appear to downregulate 
expression of tumour-specific CD8+ T cell antigens, although this was observed 
in at least one case, suggesting that the evasion mechanisms employed by 
tumour cells may vary between individual mice. However, it cannot be ruled out 
that immune selection had led to mutations in gB independently of eGFP 
expression or downregulation of MHCI processing machinery, as has been 
shown in other tumour models in which cancer cells are engineered to express 
neoepitopes (341). One possibility is that tumour-specific CD8+ T cells are simply 
outnumbered by rapidly proliferating tumour cells transplanted in high doses and 
thus fail to control them despite antigen retention. Alternatively, tumour-primed 
TRM cells and/or CD103– TIL may become functionally exhausted and lose their 
protective efficacy. Both peritumoural TRM cells and CD103– TIL expressed 
elevated markers of exhaustion by comparison with TCIRC cells, including surface 
inhibitory molecules such as PD-1 and their regulator Irf4 (735). However, these 
molecules were also increased in steady-state skin TRM cells by comparison with 
their circulating counterparts. Just as recently activated and dysfunctional CD8+ 
T cells share a similar transcriptional signature (625, 627), considerable overlap 
appears to exist between canonical TRM and exhausted T cell gene expression 
profiles (277). Tumour-adjacent TRM cells and CD103– TIL displayed heightened 
upregulation of multiple inhibitory molecules by comparison with DNFB-induced 
TRM cells, including Tigit, which has been proposed to mark the most 
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dysfunctional CD8+ T cells in tumour tissue (758). Therefore, TRM cells residing 
in the tumour microenvironment may be more functionally exhausted than those 
resting under homeostatic conditions. However, exhausted T cells with a CD103+ 
TRM cell phenotype found in human lung tumours have been shown to maintain 
increased functionality by comparison with other dysregulated T cell subsets 
(141), and skin TRM cells retain the capacity to proliferate and protect during viral 
rechallenge despite inhibitory molecule expression ((198) and Chapter 6 of this 
thesis), indicating that the TRM cell subset may be somewhat refractory to 
checkpoint inhibition or that the ligands for these molecules are not expressed at 
high levels in the skin. In support of this, we found peritumoural TRM cells and 
CD103– TIL could still secrete cytokines following ex vivo stimulation, albeit at 
reduced levels by comparison with HSV-generated TRM cells. Interestingly, many 
genes upregulated by CD103– TIL including Xcl1, Tcf7 and Ccr7 are markers of 
stem-like CD8+ T cells within the heterogeneous chronically activated T cell 
population (651). 
 
In addition to characterising a method for the transplantation of melanoma cells 
to the skin of mice, we have also described a novel means to deliver T cells 
directly to the epidermis to facilitate skin TRM formation. Pre-activated CD8+ T 
cells transferred to mice epicutaneously rapidly upregulated the skin TRM cell 
markers CD69 and CD103 and could also inefficiently migrate to SLOs including 
the spleen following transfer. Whether resting TCM and TEM derived from SLOs 
can also be transferred epicutaneously to give rise to de novo TRM cells, or 
whether epicutaneous TRM cells can only form from recently activated CD8+ T 
cells remains to be determined and warrants further investigation. Use of the 
techniques we have described here may provide new insight into the phenotypic 
plasticity of resting memory T cell subsets in the future. 
 
In sum, we have established a novel model of transplantable melanoma in which 
skin TRM cell formation associates with spontaneous tumour control in a manner 
that reflects protective correlations in a multitude of solid human cancers (412, 
467, 474, 477, 759). However, whether TRM cells were directly required to protect 
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against cancer growth, potential contributions by TCIRC cells and the mechanisms 
through which TRM cells might execute anti-tumour immunity were difficult to 
ascertain by studying tumour-primed CD8+ T cell responses in previously naïve 
mice. 
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Chapter 4: The protective potential of TRM and TCIRC 
cells following e.c. melanoma challenge 
 
4.1 Introduction 
 
Results in Chapter 3 showed that tumour-primed TRM cells developed 
spontaneously within peritumoural or macroscopically tumour free skin following 
e.c. melanoma challenge, with the density of these cells correlating with improved 
disease outcome. However, these experiments did not determine whether TRM 
cells are directly capable of suppressing e.c. melanoma outgrowth, nor did they 
address whether CD8+ TCIRC cells and other cells collaborate with TRM cells to 
yield protective epithelial anti-tumour immunity. 
 
TRM cells in the skin (169), brain (288) and thymus (166) can control local viral 
infection in the absence of TCIRC cells, and often provide superior protection 
against secondary viral challenge by comparison with their circulating 
counterparts (146, 154, 157, 214). TRM cells responding to pathogen invasion are 
positioned such that they are immediately prompted to produce effector 
molecules that could allow them to control infected cells autonomously (49, 50, 
237, 288). In the human cancer setting, local CD8+ T cell responses may be 
detected and correlate with improved overall survival, even if TCIRC cells are 
defective or unidentifiable (392, 456). The degree of anti-pathogen protection 
offered by TRM cells acting independently of TCIRC cells is critically dependent 
upon their local density within the tissue (198). However, TRM cells are also known 
to function extrinsically by inducing rapid recruitment and bystander activation of 
local innate and adaptive immune cells (49, 50). Activation of TRM cells in some 
sites including the female reproductive tract is imperative to summon TCIRC cells 
to the site of infection and permit viral containment (168), suggesting that a major 
role of peripheral TRM cells may be to act as upstream immune sentinels that 
sense danger and trigger downstream immune responses. Optimal TRM cell-
driven immunity is most likely temporally stratified, with more immediate cell-
autonomous functions executed initially and activation of extraneous auxiliary 
cells instigated for subsequent reinforcement. However, in most instances, TRM 
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cells present at high densities and acting alone confer equivalent local protection 
to TRM and TCIRC cells working in concert (148, 157, 166, 169, 198). The ability of 
TRM cells to instil protection independently of TCIRC and accessory immune cells 
may vary depending on the tissue or incursive agent, and remains incompletely 
understood in the context of tumour immunity. 
 
Previous studies have interrogated the relative anti-tumour protective capacities 
of TRM and TCIRC cells generated by vaccination by either treating immunised mice 
with FTY720, performing parabiosis experiments or depleting total circulating 
CD8+ T cells prior to tumour challenge (287, 448, 449). In these cases, both TRM 
cells and TCIRC cells have been shown to be capable of suppressing tumour 
growth (287, 448, 449). However, the protection offered by either subset is 
typically incomplete and monitored for only a short period of time following 
inoculation (191, 448, 449). Importantly, these studies have all involved 
challenging Vaccinia virus-immune or mucosal vector and tumour pre-vaccinated 
mice with cancer cells ectopically via the i.d. or s.c. routes (191, 287, 448), rather 
than in entopic epithelial tissue sites where TCIRC cell access may be more 
restricted. In addition, experiments aiming to generate memory CD8+ T cells by 
vaccination might also engender polyclonal anti-tumour CD4+ T and B cell 
responses that may contribute to immune protection, making it difficult to 
dissociate the specific contributions of CD8+ TRM or TCIRC cells upon tumour 
inoculation. 
 
This chapter therefore aims to directly test the relative contributions of TRM and 
TCIRC cells to protection against in situ epithelial tumour development using the 
orthotopic e.c. melanoma model, and to determine the extent to which TRM cells 
can mediate anti-cancer protection independently of accessory immune cells. To 
do this, we generated tumour-specific memory T cells by performing viral 
infection or activated T cell transfer and manipulated the frequencies of TRM and 
TCIRC cells prior to e.c. melanoma challenge. 
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4.2 Results 
 

4.2.1 HSV-immune mice are protected from e.c. melanoma challenge 
 
We first assessed the degree of protection against e.c. inoculated melanoma in 
HSV-immune mice possessing cross-reactive memory T cells specific for both 
the gB antigen of HSV and B16.gB cells. HSV flank infection generates virus-
specific neutralising antibodies (760), as well as potent circulating anti-viral CD4+ 
and CD8+ memory T cell responses (156, 254, 761) and a population of CD8+ 
TRM cells that are specifically concentrated at the site of prior skin infection (154, 
156). Naïve gBT-I.CD45.1 T cells were transferred to B6.CD45.2 recipient mice 
and recipients were subsequently infected with HSV-KOS on the left flank. More 
than 30 d following HSV infection, mice were challenged either ipsilateral to the 
site of prior skin infection or distally on the opposing contralateral flank (Fig 4.1a). 
Analysis of CD8+ T cell responses in the spleen and skin confirmed that HSV 
flank infection generated ample gBT-I memory T cells in the circulation, as well 
as CD69+CD103+ gBT-I TRM cells that were most abundant in resolved lesional 
skin but also present at low frequencies in uninvolved contralateral skin (Fig 
4.1b). We found that HSV-immune mice were almost completely protected from 
e.c. B16.gB melanoma challenge on either ipsilateral (containing high densities 
of TRM cells) or contralateral (containing low densities of TRM cells) flanks by 
comparison with control mice (Fig 4.1c). Similarly, mice that had not received 
transferred gBT-I T cells prior to HSV infection were entirely protected from 
proximal e.c. B16.gB challenge by comparison with naïve B6 mice, confirming 
that HSV-specific memory cells derived from the endogenous T cell repertoire 
were also sufficient to confer anti-tumour immunity (Fig 4.1d). This is not 
surprising given that gB-specific T cells comprise approximately 70-90% of the 
endogenous CD8+ T cell response directed against HSV (762). In contrast, HSV-
immune mice challenged with B16.gB s.c. beneath the site of prior skin infection 
experienced only slightly delayed tumour growth, with all HSV-immune mice 
eventually developing progressively growing melanoma (Fig 4.1e). These 
findings indicated that cross-reactive memory cells generated by HSV infection 
could provide widespread and long-term immune protection against e.c. but not  
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Figure 4.1 HSV-immune mice are near globally protected from e.c. B16.gB melanoma 
challenge. (a) Experimental schematic. 5 x 104 naive gBT-I cells were transferred to B6.CD45.2 
mice and recipients infected with HSV-KOS on the flank. >30 d post-HSV infection, mice were 
challenged with B16.gB e.c. proximal to the HSV lesion (ipsilateral) or on the contralateral flank 
and monitored for tumour development. Control groups were comprised of either naive mice 
challenged with B16.gB or HSV-infected mice challenged with B16.OVA or B16.VC. (b) 
Frequency and phenotype of gBT-I cells isolated from spleen and skin following HSV infection. 
(c) Proportion of mice treated as in (a) protected from tumour development over time. (d) Mice 
without transferred gBT-I cells were infected with HSV on the flank and then challenged with 
B16.gB e.c. >30 d after infection. Shown is the proportion of mice protected from tumour devel-
opment over time. (e) 5 x 104 naive gBT-I cells were transferred to B6.CD45.2 mice and recipi-
ents infected with HSV-KOS on the flank. >30 d post-HSV infection, mice were challenged with 
B16.gB s.c. ipsilateral to the HSV lesion site. Shown is the proportion of mice developing 
tumours after s.c. tumour inoculation. (f) Mice were transferred naive gBT-I cells and infected 
with HSV-KOS on the flank. >30 d later, mice were challenged with B16.gB or B16.OVA e.c. 
ipsilateral to the resolved lesion and monitored for tumour development. Coloured; HSV-im-
mune, greyscale; naive. Data are pooled from 4 (a) or 2 (f) experiments with 5-10 mice per 
group, are from 1 experiment with 5-10 mice per group (c, d, e) or representative of at least 2 
experiments with 4-5 mice per group (b). *p <0.05, ***p <0.001, ****p < 0.0001, Log-rank Mantel 
Cox Test.
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s.c. tumour implantation, and suggested that the route of tumour cell delivery can 
radically influence the nature, kinetics and perceived efficacy of anti-cancer 
immune responses following tumour challenge. 
 
To determine whether this HSV-induced immune protection against e.c. 
melanoma was antigen dependent, we inoculated HSV-immune mice with 
B16.gB cells or B16 cells expressing the irrelevant OVA antigen (B16.OVA) 
ipsilateral to the site of prior infection. HSV-immune mice only controlled tumour 
development when challenged with B16.gB cells (Fig 4.1f), confirming that anti-
tumour protection in previously infected mice was antigen-specific. Collectively, 
these findings demonstrated that tumour-specific memory cells could prevent 
epithelial-targeted melanoma development with extremely high efficiency, but did 
not reveal whether CD8+ TRM cells or TCIRC cells were critical for this control.  
 

4.2.2 Protection against e.c. melanoma in HSV-immune mice is 
independent of transferred TCIRC cells 
 
To assess the contribution of tumour-specific TCIRC cells to suppression of e.c. 
melanoma growth in HSV-immune mice, Thy1.2+ B6 recipients were transferred 
gBT-I cells expressing the congenic marker Thy1.1 (gBT-I.Thy1.1 cells) prior to 
flank infection with HSV-KOS (Fig 4.2a). Mice were then administered anti-
Thy1.1 antibodies by i.p. injection to specifically deplete transferred gBT-I TCIRC 
cells from the circulation without perturbing skin TRM cells ((169) and Fig 4.2b) 
prior to and following e.c. inoculation with B16.gB on the ipsilateral or 
contralateral flanks (Fig 4.2a). Mice depleted of transferred gBT-I TCIRC cells were 
highly protected from e.c. melanoma inoculation whether they were challenged 
proximal or distal to the site of prior infection, although control may have been 
slightly reduced in uninfected skin (Fig 4.2c). These findings implied that anti-
melanoma protection conferred by prophylactically generated memory cells could 
be maintained in the absence of transferred tumour-specific TCIRC cells, and was 
similarly effective in regions of low or high TRM cell density. However, transfer of 
5 x 104 naïve gBT-I cells is insufficient to suppress the endogenous anti-gB CD8+ 
T cell response during HSV infection (763), and HSV-immune mice would 
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Figure 4.2 HSV-immune mice lacking transferred gBT-I TCIRC cells are protected from e.c. 
B16.gB challenge. (a) Experimental schematic. 5 x 104 gBT-I.Thy1.1 cells were transferred to 
B6.CD45.2 mice prior to infection with HSV-KOS on the flank. >30 d post-transfer, mice were 
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represent the mean.
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therefore be expected to possess considerable numbers of endogenous anti-
B16.gB specific TCIRC cells unaffected by anti-Thy1.1 directed depletion. 
 
We tracked gBT-I.Thy1.1 cells in anti-Thy1.1 (HIS51) treated mice using an 
alternate fluorescent clone of Thy1.1 specific antibody (OX40) for flow cytometry. 
Consistent with prior reports using local Vaccinia virus infection and i.d. 
melanoma inoculation (287), a sizeable population of gBT-I TRM cells could be 
isolated from skin contralateral to the site of prior HSV infection but ipsilateral to 
the site of e.c. B16.gB challenge in TCIRC-sufficient mice. Importantly, this 
population was absent from anti-Thy1.1 treated mice lacking transferred gBT-I 
TCIRC cells, implying that reactivated TCIRC cells gave rise to de novo tumour-
specific TRM cells upon local tumour challenge (Fig 4.2d, e). Endogenous HSV-
specific memory CD8+ T cells would also therefore be expected to respond and 
generate a secondary wave of TRM cells after e.c. melanoma challenge of non-
lesional skin of gBT-I TCIRC depleted mice, complicating our appraisal of the 
protective potential of TCIRC cells following infection.  
 
In an alternative approach, we transferred gBT-I.CD45.1 cells from male or 
female donors to female B6.CD45.2 recipients that were subsequently infected 
with HSV-KOS (Fig 4.3a). This method has previously been shown to result in 
rejection of male gBT-I TCIRC cells from female recipients as a consequence of 
anti-male immune responses mounted against minor histocompatibility antigens 
encoded on the Y chromosome. In contrast, male-derived skin TRM cells are 
retained in the immunoprivileged epidermis, thereby creating a scenario in which 
mice possess skin TRM cells but not TCIRC cells (156). In order to suppress 
confounding endogenous anti-gB CD8+ T cell responses, we transferred 
excessively large numbers (1 x 106) of precursor naïve gBT-I cells to recipient 
mice prior to HSV infection. As such, mice receiving female-derived gBT-I cells 
possessed abundant gBT-I TCIRC cells following HSV infection in the absence of 
an appreciable endogenous gB-specific T cell response as assessed by gB498-

505-H-2Kb tetramer staining (Fig 4.3b, c). In contrast, male-derived gBT-I cells 
could not be identified in the blood of female recipient mice after HSV infection, 



 129 

and in many of these mice the gB-specific endogenous T cell response was also 
repressed (Fig 4.3b, c). A proportion of mice transferred male gBT-I cells 
exhibited low but detectable endogenous gB-specific T cell responses and were 
therefore omitted from experiments prior to B16.gB challenge (Fig 4.3b, c). 
 
More than 30 d following HSV infection, mice lacking endogenous CD8+ gB-
specific T cell responses were inoculated e.c. with B16.gB ipsilateral or 
contralateral to the site of prior infection and monitored for tumour growth (Fig 
4.3a). In line with our previous findings, mice receiving female gBT-I cells and 
therefore possessing both TRM and TCIRC cells were completely protected from 
B16.gB challenge both proximal and distal to the site of prior infection, whereas 
most naïve mice succumbed to e.c. melanoma development (Fig 4.3d). Similarly, 
mice transferred male gBT-I cells and challenged on the ipsilateral flank 
containing hightened densities of skin TRM cells efficiently suppressed melanoma 
growth, even though they lacked transferred TCIRC cells and an appreciable 
preformed endogenous gB498-505-specific T cell response (Fig 4.3d, e). Again, 
B16.gB inoculation triggered a slight successive wave of de novo TRM cell 
accumulation at the site of tumour challenge in mice possessing female-derived 
gBT-I TCIRC cells (Fig 4.3e). Surprisingly, protection was also mostly complete in 
male gBT-I cell recipient TCIRC-devoid mice challenged contralateral to the site of 
infection, where no gBT-I skin TRM cells could be detected (Fig 4.3d, e). 
Interestingly, one contralaterally challenged TCIRC-deficient mouse that had 
initially appeared completely free of macroscopic disease developed a 
progressively growing melanoma long after (> 100 d) tumour inoculation, implying 
that viable B16 cells could be maintained and actively suppressed in mouse skin 
for extended periods. 
 
Analysis of spleens by gB498-505-H-2Kb tetramer staining revealed increased 
expansion of endogenous gB-specific T cells in male gBT-I cell recipients 
following B16.gB challenge (Fig 4.3f). These results implied that boosted 
endogenous anti-gB CD8+ T cell responses might protect against e.c. B16.gB 
challenge in spite of transferred gBT-I TCIRC cell rejection. However, in addition to  
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Figure 4.3 HSV-immune mice lacking transferred gBT-I TCIRC cells are protected from e.c. 
B16.gB challenge. (a) Experimental schematic. 1 x 106 naive male or female gBT-I cells were 
transferred to B6.CD45.2 mice and recipients infected with HSV-KOS on the flank. >30 d 
post-HSV infection, mice were challenged with B16.gB e.c. ipsilateral to the HSV lesion or on 
the contralateral flank and monitored for tumour development. Skins were processed with liber-
ase to permit analysis of CD8+ tetramer-binding cells. (b, c) Proportion of CD8+CD44hi cells from 
mice receiving male or female gBT-I cells taken 2 wks following HSV infection that were 
gBT-I.CD45.1 cells or CD45.1- gB-H2-Kb tetramer (gB-tet)+ cells. (d) Proportion of mice remain-
ing macroscopically tumour free following ipsilateral (solid) or contralateral (dotted) challenge 
with B16.gB after transfer of male or female gBT-I cells. (e) Number of gBT-I.CD45.1 cells isolat-
ed from the skin ipsilateral or contralateral to the site of HSV infection > 100 d after B16.gB 
inoculation either ipsilateral (I) or contralateral (C) to the site of infection. (f) Number of gB-tet+ 
CD45.1– cells isolated from the spleen > 100 d after B16.gB inoculation. **p< 0.01, ****p 
<0.0001, Log-rank Mantel Cox test (d) or two-tailed Mann Whitney test (c, e, f). Data is repre-
sentative of (b) or pooled from (c) 3 experiments with 10-15 mice per group, pooled from 3 
experiments with 5-8 mice per group (d) or pooled from 2 experiments with 5-8 mice per group 
(e, f). Bars represent the mean.
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endogenously derived gB498-505 specific CD8+ memory T cells, HSV-immune mice 
would also be expected to possess a comprehensive memory B, CD4+ and CD8+ 
T cell repertoire that could target alternate epitopes from the full-length gB protein 
expressed by the B16.gB cell line, and that may also confer anti-tumour 
protection following e.c. inoculation. Thus, we were unable to wholly uncouple 
the relative contributions of CD8+ TRM and TCIRC cells to the global protection 
against e.c. melanoma challenge we observed following HSV infection, and 
subsequently sought to resolve the protective capacity of each subset in the 
absence of conflicting endogenous immune responses elicited during infection. 
 

4.2.3 In vitro activated tumour-specific T cells protect against e.c. 
melanoma challenge in an antigen-specific manner 
 
In order to generate anti-tumour TRM and TCIRC CD8+ T cells with defined 
specificity without activating the endogenous immune compartment, we 
transferred in vitro activated gBT-I.Thy1.1 cells to naïve B6.Thy1.2 mice and 
treated recipients with the contact sensitising agent DNFB on the flank to 
generate inflammation and prompt recruitment of transferred cells to the skin 
(146) (Fig 4.4a). More than 30 d following DNFB treatment, mice were treated 
with anti-Thy1.1 antibodies i.p. to deplete transferred gBT-I TCIRC cells while 
leaving DNFB-lodged TRM cells unaffected (Fig 4.4b). TCIRC cell sufficient and 
TCIRC cell deficient mice were then challenged with B16.gB ipsilateral or 
contralateral to the site of DNFB treatment to assess whether TRM cells could 
protect against e.c. melanoma development in the absence of TCIRC cells. Mice 
possessing TCIRC gBT-I cells were almost globally protected from B16.gB 
challenge both ipsilateral to the site of DNFB treatment, where high numbers of 
TRM cells were anticipated to develop, and contralateral to the site of DNFB 
treatment, where low frequencies of tumour-specific TRM cells were expected to 
reside (146) (Fig 4.4c). Thy1.1 antibody treatment completely ablated preformed 
gBT-I TCIRC cells in the spleen (Fig 4.4d), leading to reduced protection in anti-
Thy1.1 treated mice by comparison with their TCIRC cell sufficient counterparts 
(Fig 4.4c). Surprisingly, susceptibility to e.c. melanoma challenge was similar 
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between TCIRC cell depleted mice challenged ipsilateral or contralateral to the site 
of DNFB treatment (Fig 4.4c). 
 
Anti-Thy1.1 treatment appeared to somewhat reduce the number of skin TRM cells 
in unchallenged DNFB-treated skin by comparison PBS-treated mice (Fig 4.4e, 
left panel), suggesting reduced protection in TCIRC depleted mice challenged 
ipsilateral to the site of DNFB treatment might have been due in part to a 
reduction in skin TRM cells. However, low numbers of gBT-I TRM cells could also 
be identified in skin contralateral to the site of DNFB treatment in mice challenged 
ipsilateral to the DNFB site. This finding indicated that unforeseen widespread 
low-density skin TRM cell formation may have taken place in untreated skin sites 
following in vitro activated cell transfer, again confounding our ability to assess 
site-specific TRM-dependent protection following e.c. melanoma inoculation (Fig 
4.4e, right panel). Consistent with this, protection in TCIRC cell depleted mice 
challenged on the contralateral flank was significantly higher than that observed 
in naïve control mice (Fig 4.4c), indicating that disseminated TRM cells could 
provide some degree of protection against e.c. melanoma challenge, although 
this was less efficient than that conferred by additional TCIRC cells with potential 
contribution from TRM cells. Similar to our observations after HSV infection, 
increased skin TRM cell numbers were observed at the site of B16.gB challenge 
in TCIRC sufficient mice, implying that in vitro activated TCIRC cells spawned fresh 
TRM cells following e.c. tumour inoculation (Fig 4.4e, left panel). Collectively, 
these findings demonstrated that in vitro activated tumour-specific CD8+ memory 
T cells could protect against melanoma development in the absence of pre-
existing anti-tumour CD4+ T cell and humoral immune responses. Furthermore, 
they suggested that TCIRC cells were not absolutely required for anti-tumour 
protection, but implied optimal control was achieved when TCIRC cells were 
present and could give rise to de novo TRM cells. However, it remained difficult to 
assess the protective capacity of TRM and TCIRC cells in isolation following DNFB-
mediated cell lodgement in combination with anti-Thy1.1 treatment, given the 
modest susceptibility of skin TRM cells to depletion and their potential for low-level 
dissemination throughout the skin. 
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Figure 4.4 In vitro activated tumour-specific T cells protect against e.c. melanoma chal-
lenge but DNFB treatment increases susceptibility to e.c. melanoma growth. (a) Experi-

mental schematic. B6.CD45.2 mice were transferred 1-10 x 106 gBT-I.Thy1.1 cells and treated 

with DNFB on the flank. More than 30 d post-treatment, mice were treated with α
then challenged with 1 x 105 B16.gB ipsilateral or contralateral to the DNFB site. In some experi-

α
challenge. (b) Frequency and phenotype of gBT-I.Thy1.1 cells in the circulation and DNFB-treat-

α (c) Proportion of mice treated as in (a) remaining macro-

scopically tumour free following B16.gB challenge. (d, e) Number of gBT-I.Thy1.1 cells in the 

spleen (d) and skin (e) > 60 d following B16.gB challenge ipsilateral (I) or contralateral (C) to 

DNFB treated skin. (f) Experimental schematic. B6.CD45.2 mice were or were not transferred 5 

x 106 in vitro activated OT-I.CD45.1 cells and were treated with DNFB on the flank. More than 

30 d later, mice were challenged with 1 x 105  B16.gB ipsilateral or contralateral to the DNFB 
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To determine whether the protection afforded by in vitro activated T cells was 
contingent on cognate antigen recognition, we challenged mice transferred in 
vitro activated OT-I.CD45.1 cells or no CD8+ T cells with B16.gB ipsilateral or 
contralateral to the site of DNFB treatment (Fig 4.4f). Interestingly, mice 
challenged at the site of prior DNFB treatment developed tumours far more 
frequently than those inoculated on the contralateral flank or naïve mice (Fig 
4.4g), suggesting that previous DNFB treatment alone greatly increased intrinsic 
susceptibility to melanoma growth following e.c. challenge. These results might 
explain why protection against e.c. melanoma development in DNFB-treated skin 
was incomplete following TCIRC depletion, and was found to be similar on 
ipsilateral and contralateral flanks despite higher concentrations of TRM cells 
residing in DNFB-treated skin compared to distal skin (Fig 4.4e). As a result of 
these complications, we next sought to generate skin TRM cells in the absence of 
contact sensitisation. 
 

4.2.4 TRM cells can protect against e.c. melanoma development in the 
absence of TCIRC cells and accessory immune cells 
 
In an effort to generate tumour-specific memory CD8+ T cells without stimulating 
an endogenous memory response or modifying the skin by application of 
inflammatory agents, we took advantage of our prior observation that e.c. 
transferred T cells preferentially give rise to TRM cells in skin (Fig 3.1). We first 
transferred in vitro activated gBT-I.Thy1.1 cells e.c. to the flank of B6.Thy1.2 
recipient mice (Fig 4.5a). As expected, e.c. T cell transfer generated low numbers 
of gBT-I TCIRC cells (~103-104 cells per spleen) and a considerable population of 
CD69+CD103+ gBT-I TRM cells in the skin (~103 per cm) more than 30 d following 
inoculation, and i.p. treatment of mice with anti-Thy1.1 antibodies completely 
abolished gBT-I cells from the circulation without significantly depleting those in 
the skin (Fig 4.5b). Following antibody mediated TCIRC cell depletion, we 
challenged mice ipsilateral or contralateral to the site of e.c. T cell transfer with 
B16.gB e.c. and assessed protection against melanoma growth (Fig 4.5a). Mice 
possessing both e.c. transferred TCIRC and TRM cells were completely protected 
from e.c. melanoma challenge ipsilateral to the site of e.c. T cell transfer, whereas 
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the majority of naïve mice succumbed to tumour development (Fig 4.5c). 
Importantly, mice depleted of TCIRC cells also mostly suppressed e.c. melanoma 
growth when challenged at the site of prior e.c. T cell transfer, where TRM cells 
were concentrated (Fig 4.5d). These TCIRC-depleted mice were significantly 
protected by comparison with their naïve counterparts (Fig 4.5c), demonstrating 
that TRM cells could efficiently prevent melanoma growth in the absence of TCIRC 
cell contribution. 
 
Whilst protection was lost in depleted mice challenged on the opposing flank, 
consistent with the low densities of TRM cells observed at skin sites distal to the 
site of e.c. T cell transfer (Fig 4.5c), TCIRC cell sufficient mice challenged on 
contralateral skin mostly controlled e.c. melanoma growth, implying that TCIRC 
cells also conferred considerable protection against e.c. melanoma challenge in 
this setting (Fig 4.5c). A trend towards low TRM cell accumulation occurred in 
B16.gB challenged skin contralateral to the site of T cell transfer in TCIRC sufficient 
mice (Fig 4.5d), suggesting that e.c. transferred TCIRC cells gave rise to de novo 
TRM cells following melanoma challenge in protected mice in a similar manner to 
that observed previously for HSV-primed and i.v. transferred TCIRC cells. 
Collectively, these results showed that pre-existing TRM cells were capable of 
controlling melanoma development independently of TCIRC cells. TCIRC cells also 
appeared to confer protection against e.c. melanoma outgrowth, although the 
extent to which de novo TRM cell formation or low densities of pre-existing TRM 
cells facilitated this control remained unclear. Ultimately, these data 
demonstrated that TRM cells were sufficient to protect against melanoma growth 
in the absence of TCIRC cells but implied that anti-tumour control was most 
efficacious when both pre-existing TCIRC and TRM cells were present. 
 
To confirm that anti-tumour protection afforded by e.c. transferred in vitro 
activated T cells was antigen-specific, we transferred gBT-I.CD45.1 or OT-
I.CD45.1 cells into B6.CD45.2 recipients e.c. and challenged these mice with 
B16.gB adjacent to the site of e.c. T cell transfer >30 d later (Fig 4.5e). Whereas 
mice possessing tumour-specific gBT-I memory cells completely suppressed e.c.  
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B16.gB melanoma growth, mice receiving OT-I cells specific for the irrelevant 
OVA antigen remained susceptible to B16.gB melanoma development and 
exhibited tumour penetrance similar to that typically observed in naïve B6 mice 
(Fig 4.5f). These findings confirmed that cognate antigen recognition was 
required for e.c. transferred memory T cells to inhibit melanoma outgrowth. 
 
Having established that tumour-specific TRM cells were highly protective against 
e.c. melanoma challenge in mice lacking TCIRC cells, we next questioned whether 
TRM cells could control e.c. melanoma outgrowth independently of other 
endogenous adaptive or innate immune cells. To this end, we transferred in vitro 
activated gBT-I.Thy1.1 cells e.c. to Thy1.2+ Rag1–/ – mice lacking endogenous 
adaptive immune cells, and treated these recipients i.p. with anti-Thy1.1 
antibodies > 30 d post-cell transfer to deplete transferred TCIRC cells (Fig 4.6a). 
Mice were subsequently challenged with B16.gB e.c. adjacent to the site of e.c. 
T cell transfer and monitored for tumour development. Rag1–/ – mice possessing 
either prophylactically lodged TRM cells and TCIRC cells or TRM cells alone were 
significantly protected from e.c. melanoma challenge by comparison with naïve 
Rag1–/– mice (Fig 4.6b), demonstrating that tumour-specific TRM cells were 
sufficient to independently control melanoma outgrowth even in the absence of 
endogenous adaptive immune cells. It was also possible for B16.gB challenged 
mice that were initially free of macroscopic disease to succumb to late tumour 
development (> 60 d) in this scenario (Fig 4.6b), implying that viable B16 
melanoma cells could also be maintained within the skin of mice possessing pre-
lodged TRM cells long after inoculation.  
 
A major function of TRM cells responding to peripherally localised infection is to 
activate bystander and nonspecific innate immune cells including NK cells to 
enact pathogen clearance (49). We therefore questioned whether TRM cells could 
also protect against melanoma growth in severely immunodeficient Rag2–/– x 
Il2rg mice that lack key innate immune effectors such as NK cells and ILCs as 
well as endogenous adaptive immune cells. Thy1.2+ Rag2–/– x Il2rg–/– mice were 
transferred in vitro activated gBT-I.Thy1.1 cells e.c. and treated with anti-Thy1.1 
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antibodies i.p. more than 30 d following e.c. transfer to deplete TCIRC cells (Fig 
4.6a). We confirmed that eradication of gBT-I TCIRC cells was complete in Rag2–

/– x Il2rg–/– mice despite their diminished innate immune compartment and 

hyperproliferation of transferred cells due to excess cytokine availability by 

analysing their blood prior to tumour inoculation (Fig 4.6c). TCIRC cell depleted 

recipients were subsequently challenged with B16.gB ipsilateral to the site of e.c. 

T cell transfer and monitored for tumour development (Fig 4.6a). As anticipated, 

naïve Rag2–/– x Il2rg–/– mice were completely susceptible to rapid e.c. melanoma 

growth (Fig 4.6d). Conversely, the majority of Rag2–/– x Il2rg–/– mice possessing 

prophylactically lodged TRM cells resisted B16.gB tumour growth, even though 

they lacked transferred TCIRC cells as well as endogenous adaptive and innate 

immune effector cells (Fig 4.6d). These findings highlighted the potent degree of 

protection afforded by tumour-specific skin TRM cells, and demonstrated that 

these cells could autonomously protect against cancer growth in the majority of 

mice without requiring downstream activation of bystander effector immune cells. 

 
4.2.5 Adoptively transferred TCIRC cells are insufficient to protect against 
e.c. B16 melanoma development 
 

Unexpectedly, our experiments thus far had indicated that prophylactically lodged 

TCIRC cells could protect against peripherally localised melanoma challenge with 

similar efficacy to TRM cells. However, the protective capacity of tumour-specific 

TCIRC cells generated by i.v. or e.c. transfer of in vitro activated T cells was difficult 

to gauge, as these approaches also appeared to enable low levels of TRM 

formation in unrelated skin sites (e.g. Fig 4.4e). Although the numbers of TRM 

cells generated in distal skin were far fewer than those observed at the site of 

DNFB treatment or e.c. T cell transfer, flow cytometric analysis is known to 

severely underestimate T cell frequencies in peripheral tissues (167). Low 

numbers of TRM cells identified in contralateral skin may therefore be biologically 

significant and potentially capable of contributing to protection against tumour 

challenge in TCIRC cell sufficient mice. 
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To isolate the contribution of TCIRC cells to peripheral tumour surveillance in our 
model, we devised a method to test their protective potential in the complete 
absence of TRM cells, rather than depending upon site-specific challenge at 
regions of high or low TRM cell density. To do this, we transferred naïve gBT-
I.CD45.1 cells to B6.CD45.2 mice prior to infection with HSV-KOS on the flank. 
More than 30 d following infection, we isolated and adoptively transferred gBT-I 
TCIRC cells from HSV-immune donors to new naïve recipient B6.CD45.2 mice that 
were then challenged with B16.gB e.c. and monitored for tumour development 
(Fig 4.7a). Whereas HSV-immune mice possessing both TRM and TCIRC cells 
were completely protected from B16.gB challenge, mice adoptively transferred 
HSV-induced TCIRC cells were no better protected than naïve mice (Fig 4.7b), 
implying that resting TCIRC cells were insufficient to prevent peripheral melanoma 
development independently of TRM cells. Analysis of gBT-I TCIRC cell frequencies 
following B16.gB challenge indicated that mice adoptively transferred TCIRC cells 
possessed approximately 10-fold fewer cells in the spleen than HSV-immune 
mice (Fig 4.7c, d). Despite this, the numbers of TCIRC cells reisolated from 
transferred mice were similar to those generated following e.c. transfer of in vitro 
activated gBT-I cells, which appeared to confer some protection against e.c. 
melanoma challenge at distal skin sites with potential contribution from low 
densities of TRM cells (see Fig 4.5). In addition, the numbers of TCIRC cells 
transferred in our experiments were 5-10-fold higher than the number of 
adoptively transferred VACV-primed TCM cells shown to be sufficient to protect 
against i.d. B16.OVA challenge or s.c. MC38-OVA inoculation (287). 
 
Comparison of local T cell responses in adoptively transferred mice that either 
resisted or succumbed to progressive tumour growth revealed that transferred 
TCIRC cells generated fresh skin TRM cells specifically in protected nondeveloper 
mice and not in susceptible developer mice (Fig 4.7d, e), indicating that de novo 
generation of TRM cells from TCIRC cell precursors following tumour challenge 
correlated with protection in mice lacking pre-existing TRM cells. These findings 
ultimately implied that TCIRC cells may have limited capability to confer 
appreciable autonomous protection against peripheral epithelial-targeted  
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Figure 4.7 Transferred TCIRC cells are insufficient to protect against e.c. melanoma challenge. (a)  
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melanoma development in the absence of pre-formed TRM cells, although it 
cannot be ruled out that transfer of higher numbers of TCIRC cells may be sufficient 
to bestow some protection. Furthermore, these results suggested that potential 
protective capacities of TCIRC cells might rely on their ensuing differentiation into 
TRM cells following tumour encounter. 
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4.3 Discussion 
 
TRM cells are known to confer superior control against peripherally localised 
infections by comparison with TCIRC cells (146, 154, 156, 157) and can even 
provide complete protection against viral challenge when TCIRC cells are absent 
(169, 198). However, TRM cells are also critical to activate downstream immune 
effectors and recruit TCIRC cells to infected peripheral tissues to facilitate pathogen 
containment (49, 50, 168). Prior work investigating the contributions of TRM and 
TCIRC cells to cancer immune surveillance in ectopic challenge models has 
demonstrated either subset to be sufficient for tumour protection, and indicated 
that these cells likely cooperate to instigate optimal cancer control (287, 448, 
449). However, the relative abilities of TRM and TCIRC cells to protect against 
orthotopically transplanted tumours and epithelial cancers may differ from that 
observed in i.d. and s.c. challenge models. Here, using a method of e.c. T cell 
transfer to prophylactically lodge memory T cells, we have illustrated that TRM 
cells can protect against orthotopic e.c. melanoma development independently 
of TCIRC cell contribution. Consistent with studies in Vaccinia or mucosally 
vaccinated mice subjected to ectopic tumour challenge (287, 449), we found that 
anti-tumour immune surveillance against epithelial-targeted melanoma was most 
efficient when both TRM and TCIRC cells were present. However, whilst TCIRC cells 
seemed to enhance anti-cancer immunity against e.c. melanoma in the presence 
of even low densities of skin TRM cells, TCIRC cells may have been be insufficient 
to suppress tumour growth when acting in isolation. 
 
We found that HSV-immune mice were protected from e.c. melanoma challenge 
ipsilateral to the site of skin scarification and in distal skin sites, in a manner 
parallel to that observed after skin infection with modified Vaccinia virus and i.d. 
challenge with tumour cells expressing a conserved antigen (287, 446). Whereas 
we showed that HSV-immune mice were completely protected from B16 
melanoma growth when challenged e.c., mice challenged via the s.c. route 
eventually developed progressively growing cancer. Similarly, mice challenged 
i.d. or s.c. with B16 cells following prophylactic Vaccinia virus infection eventually 
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succumb to tumour growth (287). Combined, these findings imply that the 
protective capacities of anti-tumour memory T cells are far more durable or 
effective when directed against epithelial-targeted melanoma by comparison with 
ectopically transplanted tumours. It is tempting to speculate that this enhanced 
control may be a result of the enhanced proximity of e.c. delivered B16 cells to 
protective TRM cells confined within the epidermal skin niche, which would fail to 
efficiently engage tumour cells delivered ectopically. 
 
However, our attempts to definitively delineate the contribution of HSV-primed 
TRM cells to anti-melanoma protection were confounded by the fact that HSV 
infection generates a broad and abundant virus-specific CD4+ T cell response as 
well as neutralizing virus-specific antibodies capable of protecting against 
secondary skin infection (764-767). As the B16.gB cells used in the experiments 
presented here express the whole gB protein rather than the isolated gB498–505  

epitope, HSV infection may also prompt protective tumour cross-reactive CD4+ 
and B cell responses in addition to CD8+ T cell responses. In support of this, 
protective CD4+ T cells and antibodies specific for the HSV gB antigen are 
regularly identified in infected humans (768-772) and gB-specific antibodies are 
protective in mice (773, 774). Thus, to determine whether the anti-tumour 
protection observed following HSV infection is mediated by CD8+ T cells and 
dependent on TRM cells, further studies employing B16 cells engineered to 
express the specific gB498–505 epitope or mice lacking B or CD4+ T cells will be 
required. 
 
Our attempts to assess TRM cell-mediated protection in mice possessing DNFB-
lodged skin T cells were also relatively unsuccessful, as we found that DNFB 
treatment itself unexpectedly increased susceptibility to e.c. tumour development. 
Both local skin infection and DNFB-induced inflammation have previously been 
shown to trigger recruitment of increased numbers of CCR2-dependent 
monocyte-derived APCs including DCs and macrophages to the skin, that remain 
present at elevated frequencies following infection or inflammation resolution by 
comparison with those observed in untreated skin (775). However, whilst we 
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observed that DNFB sensitization increased the likelihood of progressive tumour 
development, prior DNFB treatment was shown to enhance the effector potential 
of recalled CD4+ T cells responding to skin infection (775), suggesting that DNFB-
induced imprinting of the innate skin immune compartment may differentially 
impact local immunity to infection compared to cancer. Whereas elevated 
numbers of skin APCs likely serve to accelerate T cell reactivation during 
secondary infection, it is possible that continued recruitment of proliferative 
monocyte precursors induced by prior DNFB exposure might instead promote 
local differentiation of immunosuppressive CCR2+ MDSC cells, known to 
accelerate and enhance B16 melanoma growth (776, 777). Interestingly, 
however, although HSV infection also triggers increased accumulation of 
monocyte-derived APCs (775), we found that HSV-immune mice challenged with 
non-specific B16.OVA cells were no more susceptible to e.c. melanoma 
development than their naïve counterparts, indicating that additional and 
unidentified local changes occurring specifically after DNFB treatment likely play 
a role in exacerbating cancer growth. In addition to altering local innate immune 
networks, it is possible that DNFB-induced inflammation might also modify the 
composition of the skin microflora in a manner similar to that observed for 
intestinal microbes following exposure to infection (778, 779). At least in the gut, 
perturbations in microbiota composition have been shown to alter innate and 
adaptive cellular responses and impact subsequent anti-cancer immune 
protection (780).  
 
Our analysis indicated that TRM cells generated after e.c. transfer could provide 
long-term protection against e.c. tumour challenge in the absence of TCIRC cells 
in the vast majority of mice, and were even capable of suppressing tumour growth 
when mice additionally lacked bystander innate immune effector cells. These 
findings confirmed that TRM cells are capable of efficiently controlling melanoma 
outgrowth in an autonomous fashion. However, protection of immunocompetent 
mice possessing pre-formed TRM cells was most efficient when TCIRC cells were 
also present. These findings are in line with observations following head and neck 
tumour challenge of immunised pre-vaccinated mice treated with FTY720 to 
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block TCIRC cell recirculation (449), or i.d. B16 challenge of gp100-DNA 
vaccinated mice (448), where TCIRC cells were shown to enhance anti-tumour 
protection. 
 
Additionally, we found that mice possessing TCIRC cells and challenged at distal 
skin sites that were expected to be devoid of substantial numbers of TRM cells 
also resisted e.c. melanoma development. These observations were consistent 
with previous reports purporting that TCIRC cells can control i.d. B16 melanoma 
growth in mice that lack TRM cells due to vaccination via the i.p. route or 
generation by parabiotic surgery (287). However, TCIRC cell mediated protection 
of e.c. melanoma was somewhat unexpected given that the skin epithelium 
typically excludes recirculating memory T cells (156). It remains possible that low 
levels of skin inflammation induced by skin abrasion required for e.c. melanoma 
cell transfer are sufficient to drive rapid TCIRC cell epithelial infiltration upon 
challenge. However, adoptive transfer of TCIRC cells into otherwise naïve mice 
failed to provide appreciable protection against e.c. melanoma growth. This 
contrasts with observations using i.d. B16 melanoma and s.c. MC38 tumour 
models, where adoptively transferred TCM cells are sufficient to confer control of 
tumour growth in unimmunized mice (287). Whilst we could not transfer more 
than ~105 HSV-primed and gB-specific TCIRC cells in our experiments, transfer of 
as few as ~104 tumour-specific T cells was sufficient to mediate protection in 
these alternate studies (287), and the numbers of transferred cells we recovered 
from adoptively transferred recipients were similar to those observed following 
e.c. T cell transfer where protection was observed at distal skin sites in 
undepleted mice. Thus, our experiments highlighted a difference in the degree of 
protection ostensibly offered by low numbers of TCIRC cells in mice transferred 
effector CD8+ T cells i.v. or e.c. compared to mice that received resting memory 
CD8+ T cells. However, it remains possible that transfer of higher numbers of 
resting TCIRC cells than could feasibly be achieved here would afford some 
protection against e.c. melanoma challenge.  
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Interestingly, we found that DNFB-treated mice that received in vitro activated 
effector CD8+ T cells i.v. followed by TCIRC cell depletion remained more resistant 
to tumour challenge of distal skin compared to naïve mice. Although transferred 
effector cells accumulate preferentially in DNFB-treated skin (146), low densities 
of disseminated TRM cells may also be identified in unrelated skin tissue ((198) 
and this Chapter), and may have contributed to the widespread immune 
protection we observed following e.c. tumour challenge of immune mice. 
Similarly, low numbers of broadly distributed skin TRM cells can be generated 
following local skin DNA or protein vaccination or a single Vaccina virus 
immunization, and are sufficient to protect against i.d. B16 challenge in the 
absence of TCIRC cells (287, 448). In addition, infrequent TRM cells localising to 
pigmented distal skin regions can efficiently protect against melanoma challenge 
in mice with induced autoimmune vitiligo in a CD103-dependent manner (191). 
Very few TRM cells can therefore be sufficient to protect against skin tumour 
challenge, and the protection observed in distal skin sites of TCIRC cell sufficient 
mice in our studies may have depended upon the presence of low densities of 
pre-formed TRM cells that induced TCIRC cell recruitment to the epidermis following 
their reactivation, in a similar manner to what has been described following TRM 
cell restimulation in the female reproductive tract (168).  
 
Adoptively transferred TCIRC cells reactivated following tumour inoculation readily 
differentiated into de novo TRM cells that accumulated at the site of B16 challenge. 
Similarly, transferred resting Vaccinia-primed TCIRC have also been shown to give 
rise to skin TRM cells following i.d. B16.OVA or s.c. MC38.OVA injection of 
otherwise naïve mice (287). In addition, some of the TRM cell accretion observed 
may also be due to local proliferation of tumour-restimulated TRM cells (198, 252). 
Whilst previous reports have implied that reactivated skin TRM cells can relocate 
into the tumour mass (448) or secondary lymphoid organs (174), we did not 
observe mobilization and dissemination of pre-exisiting skin TRM cells to either 
site following e.c. melanoma challenge (data not shown). Importantly, protection 
against e.c. melanoma challenge was typically only observed in TCIRC-transferred 
mice when the transferred cells were observed to differentiate into secondary TRM 
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cells at the site of tumour challenge. This raises the possibility that protection 
afforded by TCIRC cells in the context of e.c. melanoma challenge is tied to their 
ability to give rise to TRM cells, and could be addressed by examining the degree 
of protection against e.c. melanoma challenge in mice possessing CD69- or 
CD103-deficient TCIRC cells. In support of this notion, CD103-deficient TCIRC cells 
that are unable to give rise to TRM cells protect poorly against i.d. B16 melanoma 
inoculation (191). 
 
In sum, in this Chapter we have demonstrated that TRM cells can protect against 
e.c. melanoma challenge independently of TCIRC cell contribution and without 
requiring activation of endogenous downstream adaptive immune cells or innate 
effectors. Conversely, TCIRC cells may be insufficient to autonomously protect 
against e.c. melanoma challenge in the absence of at least low numbers of pre-
formed TRM cells. However, complete immune protection against epithelial-
targeted melanoma is best achieved through the cooperative efforts of both 
tumour-specific TRM and TCIRC cells. Intriguingly, we noted that some mice 
possessing either i.d. lodged or e.c. lodged TRM cells could actively control the 
growth of e.c. inoculated B16 cells for as long as 1-2 months following tumour 
challenge before developing macroscopically apparent melanoma. These 
observations paralleled growth kinetics following e.c. B16 melanoma inoculation 
of naïve mice, and implied that low numbers of viable tumour cells could also be 
maintained in mouse skin long-term, despite the presence of high numbers of 
pre-existing TRM cells at the site of tumour challenge.  
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Chapter 5: Mechanisms of TRM cell mediated cancer 
surveillance 
 
5.1 Introduction 
 
The immune system can prevent tumour development in two major conceptual 
ways: by targeting and eradicating malignant cells in a process termed 
elimination, or by suppressing the outgrowth of cancerous cells without 
completely removing them, leading to the establishment of a state of cancer-
immune equilibrium (325, 326). Evidence for the existence of tumour-immune 
equilibrium in humans was most convincingly supported by the observation that 
clinically inapparent cancer cells could be transferred from apparently healthy 
organ donors to beget active cancer in transplant recipients, decades after the 
donor was proposed to be ‘cured’ of cancer (441). Landmark studies in mice 
indicated that tumour-immune equilibrium could also be maintained for prolonged 
periods of time (> 200 d) post-tumour induction by MCA injection, in a manner 
critically dependent on T cells and IFNγ (385). However, induction of long-term 
tumour-immune equilibrium is rarely observed following ectopic tumour cell 
transplantation to mice. As such, the phenomenon of cancer-immune equilibrium 
and the immune cell subsets critical for inducing and maintaining equilibrium 
remain poorly understood. 
 
Canonical elimination of tumour cells is thought to require direct cell-mediated 
killing of tumour targets by cytotoxic effector T or NK cells (327). Human and 
mouse TRM cells in multiple tissues can express high levels of GzmB in the steady 
state, implying that these cells may possess potent killing abilities that would 
facilitate elimination of nascent cells (151, 162, 240, 288). Memory T cells 
localising to peripheral tissues demonstrate increased ex vivo lytic capacity by 
comparison with lymphoid memory cells (97) and TRM cells residing within the 
brain have been shown to kill peptide-pulsed targets in vivo (147). However, 
these studies did not differentiate between epithelial-residing CD103+ TRM cells 
and their heterogeneous CD103– counterparts, which may differ with respect to 
cytotoxic potential. Of relevance, CD103+ TRM cells isolated from the human lung 
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tumour microenvironment were shown to exhibit poor cytolytic activity ex vivo in 
the absence of checkpoint blockade inhibitors (477), and the ability of TRM cells 
to elicit direct elimination of infected or cancerous cells in vivo remains unclear. 
 
Whilst tumour-immune equilibrium could result from direct immune cell-mediated 
killing of cancer cells balanced by ongoing tumour cell proliferation, equilibrium 
might alternatively reflect immune cell-driven induction of tumour cell senescence 
or quiescence by noncytolytic means. Intriguingly, tumour-immune equilibrium 
can be likened to the state of viral latency induced by TRM cells responding to 
Herpes virus infection of mouse or human ganglia (154, 162, 781-783) and in the 
human genital tract (305, 306). In these instances, TRM cells actively suppress 
bouts of viral reactivation for the life of the host without precipitating neuronal 
destruction (784, 785) by producing cytokines and effector proteins (786, 787). 
Similarly, TRM cells in the salivary gland can control latent infections with CMV 
without eliminating infected cells or completely extinguishing virus (211). These 
observations indicate that TRM cells commonly engage noncytolytic mechanisms 
to promote local pathogen containment without total eradication as an 
asymptomatic end point. 
 
Work in Chapters 3 and 4 indicated that a large proportion of previously naïve 
mice and mice possessing prophylactically lodged memory cells, which were 
inoculated with B16 cells e.c. remained free of macroscopic melanoma for the 
duration of experiments (up to 200 d). This protection from tumour development 
was associated with formation of tumour-primed TRM cells, which were capable 
of inhibiting melanoma progression independently of TCIRC cells and accessory 
effector cells. However, we also noticed that mice initially free of macroscopic 
disease could succumb to cancer growth long after tumour cell implantation, 
implying that low numbers of viable but macroscopically undetectable B16 cells 
could be maintained in mouse skin for extended periods. These findings raised 
the possibility that induction of a tumour-immune equilibrium state may be a 
frequent disease outcome induced by immune cells following e.c. B16 tumour cell 
implantation. Such tumour cell persistence does not typically occur following 
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traditional s.c. or i.d. methods of B16 cell inoculation, which evoke rapid and 
progressive tumour growth in all mice (333). 
 
The aims of this chapter were therefore to formally demonstrate that persistent 
melanoma cells were maintained in skin following e.c. B16 melanoma inoculation 
as a result of ongoing immune surveillance. We subsequently sought to 
determine whether TRM cells can uphold melanoma control by promoting a state 
of tumour-immune equilibrium, and attempted to resolve the effector molecules 
critical for TRM cell mediated cancer protection. 
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5.2 Results 
 

5.2.1 Identification of persistent B16 melanoma cells in skin using 
bioluminescence imaging 
 
Findings in Chapters 2 and 3 indicated that melanoma cells could be maintained 
the skin of mice free from obvious cancer burden at levels below the threshold of 
macroscopic detection. In an effort to reveal potential microscopic melanomas in 
the skin of overtly tumour-free mice, we obtained B16.gB melanoma cells that 
express a firefly Luciferase reporter (B16.gB.Luc), such that their localisation and 
growth can be tracked longitudinally via bioluminescence imaging. We inoculated 
Albino.B6 mice with B16.gB.Luc cells e.c. and examined mice for macroscopic 
tumour development whilst simultaneously performing longitudinal 
bioluminescence monitoring. Albino.B6 mice were utilised in these experiments 
to reduce interfering background fluorescence signals generated by melanin 
pigment in the skin and hair of B6 WT mice (data not shown). Progressively 
growing B16.gB.Luc tumours could be identified with high sensitivity and 
resolution in developer mice by monitoring luciferase activity in the skin. 
Bioluminescence signals increased in intensity over time, corresponding to a 
steady increase in macroscopic tumour size (Fig 5.1a). B16.gB.Luc cells could 
be distinguished as early as 4 d post-tumour inoculation and were detectable in 
skin before progressively growing tumours became macroscopically apparent 
(Fig 5.1a and data not shown). In addition, bioluminescent signals could also be 
identified in areas corresponding to the proximal LN of some mice that developed 
progressively growing tumours, allowing for non-invasive detection of metastatic 
melanoma disease (Fig 5.1a). 
 
Importantly, we found that luciferase activity indicative of persistent B16.gB.Luc 
cells could also be identified by bioluminescence imaging of skin corresponding 
to the inoculation site in 9 of 13 nondeveloper mice that remained free of 
macroscopic cancer for > 100 d following challenge (Fig 5.1b). In some cases, 
bioluminescent signals were detected in the same location intermittently over 
several months without mice developing explicit or progressively growing  



a

Figure 5.1 Tracking bioluminescent tumour growth kinetics in mice bearing progressive-
ly growing tumours and in macroscopically tumour-free mice. B6 Albino mice were inocu-
lated with 1 × 105 B16.gB.Luc cells e.c. and tumour growth visualised using an In Vivo Imaging 
System over time. (a) Bioluminescence images acquired at indicated time points in a recipient 
Albino mouse that developed a progressively growing tumour. (b) Bioluminescence images 
acquired at indicated time points in a recipient Albino mouse that remained free of macroscopic 
tumour disease (nondeveloper) for the experiment duration. (c) Photo of magnified skin from 
nondeveloper Albino mouse depicted in (b); arrow indicates microscopic melanoma at the site 
of prior tumour implantation. Data are representative of at least 2 independent experiments with 
5 or 13 mice per group per experiment.
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melanoma (Fig 5.1b). Closer inspection of skin from the particular nondeveloper 
Albino mouse shown in Fig 5.1b using a magnification lens revealed a visible spot 
of melanin pigment corresponding to a microscopic tumour at the same location 
that bioluminescent signals could be detected (Fig 5.1c). These findings 
demonstrated that a substantial proportion of overtly cancer-free nondeveloper 
mice failed to completely eliminate tumour cells from their skin and instead 
harboured persistent B16 melanoma cells long after inoculation. Given that 
protection from progressive tumour development depends upon immune cell 
activity (Chapter 3), this prolonged persistence of melanoma cells very likely 
depends upon induction and maintenance of tumour-immune equilibrium. 
 

5.2.2 Persistence of B16 cell genomic DNA in the skin of macroscopically 
tumour-free mice 
 
Whilst bioluminescence imaging allowed us to identify and track equilibrium 
tumours in macroscopically tumour-free mice following e.c. B16 inoculation, this 
method necessitated the use of Albino B6 recipient mice and was relatively low 
throughput. In addition, bioluminescence imaging was unlikely to be sensitive 
enough to permit resolution of individual controlled tumour cells in the skin, as 
luciferin signals were not consistently identifiable at every individual time point in 
nondeveloper mice known to bear microscopic tumours long-term (Fig 5.1b, c). 
We therefore sought a more sensitive and high throughput method for the 
detection of persistent B16 tumour cells in the skin of macroscopically tumour-
free WT B6 mice. To this end, we performed a droplet digital PCR (ddPCR) 
reaction on total genomic DNA (gDNA) extracted from skin corresponding to the 
tumour challenge site of previously naïve nondeveloper mice > 30 d post-e.c. 
B16.gB.Luc inoculation. We assayed for either gB (HSV-gB antigen) or Luc 
(Luciferase) gDNA that would be present specifically within the genome of 
transferred B16.gB.Luc cells and not host cells. As validation of our experimental 
approach, gB and Luc DNA could be amplified from the tumour-mass of mice that 
developed progressively growing melanoma, whereas no signal was detected in 
skin taken from unchallenged naïve mice (Fig 5.2a). Notably, gB or Luc DNA 
could also be amplified from the skin of ~45% of macroscopically tumour-free  



a

Figure 5.2 Genomic droplet digital PCR (ddPCR) analysis implies long-term persistence of mela-
noma cells in the skin of tumour-free mice. (a, b) Naive B6 mice were transferred 1 × 105 B16.gB.Luc 
cells e.c. and monitored for tumour development. When tumours became apparent (developers) or > 30 
d following tumour inoculation (nondevelopers) skin corresponding to the tumour inoculation site was 
isolated, gDNA extracted and ddPCR performed. Shown is the proportion of mice from which gB or Luc 
gDNA could be detected by ddPCR (a) and the number of positive droplets that were observed from 
nondeveloper mice in the same cohort (b). (c) Mice were transferred 5 x 104 gBT-I.CD45.1 cells i.v. and 
infected with HSV-KOS on the L flank. >30 d post-HSV infection, mice were challenged with 1 × 105 
B16.gB.Luc cells ipsilateral to the infection site and skin was harvested >30 d later. Shown is the propor-
tion of mice from which Luc gDNA could be detected by ddPCR. Data are pooled from 3 experiments with 
7-8 mice per group per experiment (developer/nondeveloper) or 3 mice per group per experiment (naive), 
or from 2 experiments with 6-11 mice per group per experiment (HSV-immune) or 3 mice per group per 
experiment (naive).
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nondeveloper mice, suggesting that persistent B16.gB.Luc cells were maintained 
in the skin of nearly half of spontaneously protected mice (Fig 5.2a). In most 
instances, a single positive droplet could be identified by ddPCR in nondeveloper 
mouse skin from which gB or Luc DNA could be amplified (Fig 5.2b), although 
we could only assay ~3-10% of the total skin gDNA extracted from each mouse 
and thus likely underestimated the frequency of remnant B16.gB.Luc cells. These 
findings implied that occult B16 melanoma cells were frequently maintained in 
the skin of apparently protected nondeveloper mice, although complete 
elimination of melanoma cells in other mice may have also been possible. 
 
In addition, we used ddPCR analysis to determine whether B16 melanoma cells 
also persisted in the skin of mice possessing large numbers of prophylactically 
lodged TRM cells, or whether high densities of pre-lodged memory cells increased 
the likelihood of complete tumour elimination. WT B6 mice were infected with 
HSV-KOS on the flank and challenged with B16.gB.Luc cells e.c. ipsilateral or 
contralateral to the lesion site > 30 d post-HSV infection. More than 30 d following 
B16.gB.Luc challenge, macroscopically tumour-free skin was harvested and total 
gDNA extracted then subjected to ddPCR. To avoid any potential DNA 
contamination from possibly recrudescent HSV, we only assayed for the Luc 
gene and not gB in these experiments. Similar to what we had observed in 
previously naïve mice, Luc gDNA indicative of persistent B16 melanoma cells 
could be detected in tumour-challenged skin taken from ~42% of HSV-immune 
nondeveloper mice challenged on the ipsilateral flank (Fig 5.2c). These findings 
suggested that low numbers of melanoma cells were also regularly maintained 
and controlled following e.c. B16 inoculation in skin containing pre-lodged 
tumour-specific TRM cells. 
 

5.2.3 Identification of persistent B16 melanoma cells in skin of 
macroscopically tumour-free mice by intravital imaging 
 
Our ddPCR analysis implied that a large proportion of mice resisting progressive 
tumour growth following e.c. B16 cell transfer maintained low numbers of B16 
melanoma cells in the skin. However, it remained possible that ddPCR analysis 
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might reveal a gDNA footprint of non-viable or pre-existing but subsequently 
eliminated B16 melanoma cells instead of live persistent tumour cells requiring 
active suppression to dissuade escape. Therefore, we next sought to visualise 
low numbers of B16 cells in the skin of nondeveloper mice using IV-2PM. Initial 
experiments using WT B6 mice and pigmented B16.mCherry cells failed to 
provide single-cell resolution of tumour cells in the skin, due to strong background 
signals and interference generated by melanin derived from both the recipient 
mouse skin and transferred tumour cells (data not shown). In an effort to 
circumvent these complications, we obtained B16.mCherry.Tyr–/– cells that are 
deficient in melanin pigment as they lack the tyrosinase enzyme required for its 
synthesis (788). B16.mCherry.Tyr–/– cells were transferred to melanin-deficient 
Albino B6 recipients e.c. and mice monitored for tumour development over time. 
IV-2PM analysis of skin from mice developing progressively growing tumours 
~2wks post-inoculation revealed that individual B16 melanoma cells could be 
visualised with single-cell resolution (Fig 5.3a, b). Individual tumour cells 
displayed diverse and irregular morphologies and could be found both above and 
within the dermal collagen layer denoted by the second harmonic generation 
(SHG) (Fig 5.3a). Interestingly, we regularly observed dispersed pockets of 
mCherry pigment that clustered in a manner indicative of cytosolic vesicular 
packaging around central nuclei in dendritically-shaped formations at the border 
of larger tumours, perhaps indicative of dendritic cells that could engage in 
antigen cross-presentation in peritumoural skin adjacent to progressively growing 
melanomas (Fig 5.3c).  
 
Since B16.mCherry.Tyr–/– cells were readily identified within the skin of tumour-
bearing mice with high resolution, we next inspected the skin of macroscopically 
cancer-free nondeveloper mice for persistent tumour cells following e.c. 
inoculation. We observed either individual mCherry+ B16 melanoma cells 
(Fig5.4a-d) or, on occasion, clusters of B16 cells (Fig 5.4e, f) in the skin of a 
subset of mice that remained free of macroscopic melanoma as late as 6 wks 
post-e.c. inoculation. Although clusters of B16 cells sometimes appeared to 
colocalise with the SHG, indicating penetration of the skin dermis, individual B16  



Figure 5.3. Imaging B16 melanoma cells in skin of mice developing progressively growing mela-
noma by Intravital 2 Photon Microscopy (IV-2PM). Albino B6 mice were inoculated with 1 × 105 
B16.mCherry.Tyr–/– cells e.c and monitored for tumour development. Mice developing macroscopic mela-
noma were imaged by IV-2PM ~2 wks after inoculation. (a, b) Collated tile scans of B16.gB.mCherry.Tyr–/–  
tumours from mice developing macroscopic melanomas > 3 wks post-inoculation in x y and z (a) or x and 
y (b) dimensions. (c) Representative image of mCherry signal observed at the border of a progressively 
growing B16.mCherry.Tyr–/–  tumour in x y and z dimensions. Data are representative of at least 3 experi-
ments with 5-9 mice per experiment (a, b) or at least 2 mice from 2 separate experiments (c). Red; 
B16.mCherry.Tyr–/– cells, green or red; hair, blue; SHG (second harmonic generation).
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Figure 5.4. Detection of persistent B16 melanoma cells can in skin of macroscopically 
tumour-free mice by Intravital 2 Photon Microscopy (IV-2PM). (a-f) Albino B6 mice were 

inoculated with 1 × 105 B16.mCherry.Tyr–/– cells e.c and monitored for tumour development. Skin 

of mice remaining free of macroscopic tumour disease (nondevelopers) was imaged by IV-2PM 

at indicated time points after tumour implantation. Each figure depicts a representative image 

taken from an individual mouse in x, y and z dimensions. Data are representative of at least 3 

independent experiments with 5-9 mice inoculated per experiment. Red; B16.mCherry.Tyr–/– 

cells, green or red; hair, blue; SHG (second harmonic generation).
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cells exclusively localised to the epidermal skin layer above the dermal collagen 
matrix (Fig 5.4). Combined with results thus far, these findings unequivocally 
confirmed that viable B16 melanoma cells persisted within the epidermis of mice 
free from macroscopic disease long after e.c. tumour implantation in a manner 
dependent upon immune cell-mediated control. 
 
5.2.4 Tumour-specific TRM cells dynamically survey persistent B16 
melanoma cells in the skin of nondeveloper mice 
 
Our previous findings indicated that tumour-primed TRM cells accumulated in the 
skin of non-developer mice and were associated with improved spontaneous 
protection against melanoma development. We reasoned that TRM cells might 
induce tumour control by actively maintaining persistent tumour cells in the skin 
in a state of tumour-immune equilibrium. However, our experiments in Section 
5.2.3 had employed B16.mCherry.Tyr–/– cells that lacked a model neoantigen and 
therefore did not allow us to visualise potential interactions between persistent 
B16 cells and tumour-specific T cells. Thus, we next generated several 
B16.gB.mCherry.Tyr–/– cell lines that could be recognised by gBT-I cells by 
transfecting B16.mCherry.Tyr–/– cells with full-length membrane bound gB and 
eGFP. We first confirmed that e.c. inoculation with B16.gB.mCherry.Tyr–/– cells 
gave rise to both developer and nondeveloper cohorts following e.c. inoculation 
of WT B6 mice, with similar growth kinetics and penetrance to the standard 
melanotic B16.gB cell line (Fig 5.5a). We also verified that gBT-I.CD45.1 TRM 
cells accumulated in previously challenged skin of nondeveloper mice inoculated 
e.c. with all B16.gB.mCherry.Tyr–/– cell lines but not the parent B16.mCherry.Tyr–

/– cell line (Fig 5.5b, c). These observations validated that B16.gB.mCherry.Tyr–

/– cells grew typically in WT hosts and could efficiently prime gBT-I cells to trigger 
tumour-specific skin TRM cell formation in an antigen-specific manner. 
 
To visualise potential interactions between melanoma cells and tumour-primed 
CD8+ T cells in vivo, we transferred naïve gBT-I.GFP cells to Albino B6 mice prior 
to e.c. challenge with B16.gB.mCherry.Tyr–/– cells (Fig 5.6a). Mice developing  



Figure 5.5 Validation of B16.gB.mCherry.Tyr–/– cell growth and priming in vivo. B6.CD45.2 mice 
were transferred 1 x 105 gBT-I.CD45.1 cells i.v. prior to inoculation with polyclonal B16.gB.mCherry.Tyr–/– 
cell variants or B16.mCherry.Tyr–/– parent cells and monitored for tumour growth over time. (a) Proportion 
of mice developing tumours over time following inoculation with indicated cell lines. (b) Frequency and 
phenotype of gBT-I.CD45.1 cells isolated from the skin of nondeveloper mice inoculated with indicated 
cell lines. (c) Number of CD69+CD103+ gBT-I.CD45.1 cells isolated from the skin of nondeveloper mice 
inoculated with indicated cell lines. Data is from one experiment with 5 mice per group. Bars represent the 
mean.

a

3.0 7.4 8.4

15 78

1.35.8

20 78

0.21.3

19 73

4.33.9

0.0

CD103

CD45.1

C
D

69

V
α2

B16 mCh TyrKO
B16.gB

mCh TyrKO A9.2b

c

1

2

3

4

Pa
re

nt

B16.gB
mCh TyrKO D8.1

B16.gB
mCh TyrKO D8.2

A9
.2

D8.1 D8.2

0 15 30

50

100

Time after inoculation (d)

Tu
m

ou
r f

re
e 

(%
)

gB
T-

I T
R

M
 c

el
ls

/c
m

2  
(lo

g1
0)

Skin

B16 mCh TyrKO (Parent)
B16.gB mCh TyrKO A9.2
B16.gB mCh TyrKO D8.1
B16.gB mCh TyrKO D8.2



Figure 5.6 Tumour-primed CD8+ T cells dynamically interact with B16.gB cells in mice 
bearing progressively growing melanoma. (a) Experimental schematic. Mice were trans-
ferred 1 × 105 naive gBT-I.GFP cells i.v. prior to e.c. inoculation with 1 × 105 B16.gB.mCher-
ry.Tyr–/– D8.2 cells. Mice were imaged by intravital 2-photon microscopy (IV-2PM) once progres-
sively growing melanoma became apparent (~2wks post-inoculation) or >4 wks post inoculation 
in the case of nondevelopers. (b) Images acquired by IV-2PM displaying a progressively grow-
ing B16.gB.mCherry.Tyr–/– melanoma (red) with infiltrating gBT-I.GFP cells in x, y and z dimen-
sions ~2wks post-inoculation. (c) Representative image (left panel) and zoomed time lapse 
images (right panel) acquired by IV-2PM displaying a progressively growing B16.gB.mCher-
ry.Tyr–/– melanoma (red) with infiltrating gBT-I.GFP cells in x, y and z dimensions ~2wks post-in-
oculation. Images are from separate mice in (b) and (c). Data are representative of at least 5 
mice from at least 3 independent experiments in (a) and at least 3 mice from at least 2 indepen-
dent experiments in (b). Blue; SHG (second harmonic generation). m; minutes.
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progressively growing tumours were imaged approximately 2-3 weeks following 

e.c. inoculation. Consistent with observations in Chapter 3, we observed B16-

primed gBT-I.GFP cells infiltrating macroscopically apparent 

B16.gB.mCherry.Tyr–/– melanomas, where they tended to congregate in 

peritumoural skin regions corresponding to the tumour border or in the outer 

regions of the tumour mass (Fig 5.6b, c). Most of these cells adopted a globular 

morphology more spherical in nature than typically observed for dendritically 

shaped skin TRM cells (Fig 5.6b, c), in line with the notion that T cells localising 

to the tumour mass do not resemble canonical CD103+ TRM cells (see Fig 3.14). 

T cells recognising their cognate antigen in vivo typically reduce their velocity and 

arrest in order to facilitate productive interactions with target cells (198, 789). At 

times, gBT-I.GFP cells interacting with B16.gB.mCherry.Tyr–/– cells slowed their 

migration and stalled upon colocalisation with melanoma cells (Fig 5.6c and 

Appendix Video 2). However, many gBT-I.GFP cells infiltrating solid tumours 

continued to migrate rapidly through the tumour microenvironment without 

stopping, sustaining dynamic probing activity despite surveying and contacting 

B16.gB.mCherry.Tyr–/– cells (Fig 5.6c and Appendix Video 2). Thus, tumour-

primed gBT-I.GFP cells infiltrating identical tumour regions displayed diverse 

migratory behaviours, and did not always appear to efficiently recognise or 

productively respond to cancer cells transfected with their cognate antigen. 

 

After confirming that we could successfully observe tumour-primed gBT-I.GFP 

cells interacting with B16.gB.mCherry.Tyr–/– cells in mice bearing progressively 

growing melanoma, we next sought to visualise potential cross-talk between 

tumour-primed skin TRM cells and persistent cancer cells in nondeveloper mice 

more than 4 weeks post-e.c. inoculation (Fig 5.6a). In contrast to T cells from 

developer mice, most tumour-primed gBT-I.GFP cells infiltrating previously 

challenged skin of nondeveloper mice localised to the epidermis and adopted a 

dendritic morphology (Fig 5.7a-c). Tumour-primed gBT-I.GFP TRM cells crawled 

slowly through the skin probing for cognate antigen (Appendix Video 3 and 4), 

as has been described for virally induced skin TRM cells (50, 156, 226). 

Importantly, gBT-I.GFP TRM cells colocalised with and dynamically scanned  



Figure 5.7 Tumour-primed TRM cells survey persistent B16.gB melanoma cells in the skin 
of macroscopically tumour-free mice. Mice were treated as described in Fig 5.6 (a). (a-c) 
Representative (left panel) and timelapse (right panel) IV-2PM images of gBT-I.GFP cells 

(green) interacting with B16.gB.mCherry.Tyr
–/–

 (red) cells in macroscopically tumour-free mouse 

(nondeveloper) skin >4 wks post e.c. inoculation in x, y and z dimensions. Data are representa-

tive of at least 3 experiments with 5-7 total mice per experiment. Blue; SHG (second harmonic 

generation). m; mins.
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persisting individual or clustered B16.gB.mCherry.Tyr–/– cells in the skin 
epidermis (Fig 5.7a-c and Appendix Video 3 and 4). Similar to many of the T 
cells observed in progressively growing tumours, gBT-I.GFP TRM cells in the skin 
of nondeveloper mice continually examined persistent B16 cells without slowing 
their motility or arresting within the time frames captured in our movies (Appendix 
Video 3 and 4). Together, our findings indicated that tumour-primed TRM cells 
engaged in ongoing active immune surveillance of dormant B16 cells in the skin 
of nondeveloper mice, and implied that these interactions may be important for 
maintaining the tumour-immune equilibrium state. 
 
5.2.5 Skin TRM cells control melanoma outgrowth by promoting tumour-
immune equilibrium 
 
Results so far indicated that tumour-primed TRM cells were associated with 
spontaneous tumour protection and colocalised with persistent B16 cells in the 
skin of mice suppressing melanoma outgrowth. However, thus far we had not 
directly demonstrated that TRM cells are critical for the induction or maintenance 
of tumour equilibrium, nor had we officially interrogated the mode of protection 
offered by tumour-specific TRM cells. To address this, we assayed long-term 
protection in B6 mice to which we had prophylactically delivered in vitro activated 
gBT-I.Thy1.1 cells e.c. in order to generate anti-tumour TRM cells. To isolate the 
contribution of TRM cells to melanoma suppression, we again depleted TCIRC cells 
by administering low dose anti-Thy1.1 depleting antibody via the i.p. route (Fig 
5.8a, b). gBT-I.Thy1.1 TRM sufficient mice were then challenged with B16.gB.Luc 
cells e.c. and monitored for tumour development over the next 4 weeks; as 
anticipated, the majority of challenged mice were protected from progressive 
tumour development (Fig 5.8a and data not shown). 
 
We next sought a method to remove pre-lodged TRM cells from tumour-
challenged mouse skin that we expected may harbour persistent tumour cells. 
We reasoned that injecting high doses of anti-Thy1.1 antibodies i.d. rather than 
i.p. might catalyse depletion of pre-lodged TRM cells that are normally spared 
following systemic antibody treatment. Indeed, we found that i.d. treatment with  



Figure 5.8 Ablation of tumour-specific skin TRM cells triggers melanoma escape in mice previously 
protected from progressive tumour development. (a) Experimental schematic. B6.Thy1.2 mice were 
transferred 4 x 106 gBT-I.Thy1.1 cells e.c. and depleted of gBT-I TCIRC cells by i.p. injection of anti-Thy1.1 
antibodies > 4 wks post-T cell transfer. TCIRC cell depleted mice were challenged with 1 × 105 B16.gB.Luc 
cells e.c.. More than 4 weeks later, protected tumour-free mice were treated with anti-Thy1.1 antibodies 
i.d. to deplete skin TRM cells and monitored for subsequent tumour development. (b) Frequency of 
gBT-I.Thy1.1 cells in spleen and skin and phenotype of cells in the skin following i.p. treatment with 
anti-Thy1.1 antibodies and i.d. treatment with either PBS or anti-Thy1.1 antibodies. (c) Number of 
gBT-I.Thy1.1 cells in skin of mice following i.p. treatment with anti-Thy1.1 antibodies and i.d. treatment 
with either PBS or anti-Thy1.1 antibodies. Concatenated plots are shown to demonstrate incomplete 
efficiency of i.d. anti-Thy1.1 depletion. (d) Proportion of mice treated as described in (a) developing mac-
roscopic melanoma in skin following TRM cell depletion. (e) Example photograph of mouse treated as 
described in (a) that developed macroscopic primary melanoma following TRM cell depletion. Data are 
representative of at least 3 experiments with 4-7 mice per group per experiment (b, c, e) or pooled from 5 
experiments with 4-7 mice per group per experiment (d). * p< 0.05, Log-Rank Mantel Cox test. Bars repre-
sent the mean and error bars indicate SEM.
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anti-Thy1.1 caused an appreciable albeit incomplete reduction in the number of 
gBT-I.Thy1.1 TRM cells in skin compared to mice receiving PBS i.d. (Fig 5.8b, c). 
Thus, we treated gBT-I.Thy1.1 TRM cell-seeded mice protected from e.c. 
B16.gB.Luc challenge with high dose anti-Thy1.1 antibody i.d. to remove 
transferred TRM cells and monitored these mice for potential tumour escape (Fig 
5.8a). Although TRM cell depletion was incomplete, several mice (5/29) that were 
initially protected from tumour development for several weeks developed 
macroscopic melanomas following i.d. treatment with anti-Thy1.1 antibody, 
whereas mice receiving PBS i.d. and therefore retaining transferred TRM cells did 
not develop visible tumours (0/26) (Fig 5.8d, e). These results confirmed that 
tumour-specific TRM cells can actively suppress melanoma growth without 
completely eliminating cancer cells and are capable of maintaining a state of local 
tumour-immune equilibrium.  
 
Our initial TRM cell depletion experiments were performed in WT B6 mice that may 
have also mounted protective endogenous anti-tumour immune responses. We 
therefore sought to determine whether more drastic melanoma penetrance would 
be observed following TRM cell depletion in the absence of endogenous 
contribution by repeating the same experiments in Rag–/– recipient mice. 
However, we found that gBT-I.Thy1.1 TRM-cell seeded Rag–/– mice did not 
experience tumour escape following i.d. anti-Thy1.1 antibody treatment (Fig 
5.9a). Closer inspection revealed that the efficiency of anti-Thy1.1 TRM cell 
depletion was greatly reduced in Rag–/– mice (Fig 5.9b), potentially as a result of 
increased cytokine-driven homeostatic proliferation.  
 

5.2.6 MHC expression is reduced in melanoma cells that evade immune 
control 
 
Results so far indicated that gBT-I TRM cells can promote tumour-immune 
equilibrium via active and ongoing immune suppression of B16 cell growth rather 
than complete tumour cell elimination. We sought to identify the properties of B16 
melanoma cells that may allow them to persist long-term in the skin without 
eliciting a strong enough response from gBT-I TRM cells sufficient to drive  
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complete eradication. Findings in Chapter 3 suggested that loss or 
downregulation of antigen expression (concomitant with GFP expression) was 
not regularly observed in B16 cells grown in vivo. B16 cell regulation of antigen 
presentation machinery such as MHC proteins may represent an alternative 
mechanism through which melanoma cells can evade immune recognition and 
suppression.  
 
We therefore attempted to assess the degree of MHC expression by B16 cells 
that were actively and efficiently controlled but not eliminated by the immune 
system. To this end, we inoculated B6 WT mice with gB-expressing B16 cells and 
compared expression of MHC molecules by melanoma cells isolated from 
tumours undergoing progressive growth to those from mice with small and stable 
but visible tumour lesions (described in Section 3.2.2) that represent a state of 
transient macroscopic equilibrium (Fig 5.10a). In order to identify B16 cells 
amongst tumour and skin debris using flow cytometry, we used brightly 
fluorescent B16.gB.mCherry.Tyr–/– cells for these experiments. Given that the 
gB498-505 epitope is MHCI H2-Kb restricted, we focussed our analysis on 
expression of this particular MHCI isoform. 
 
As anticipated (555), unmanipulated B16.gB.mCherry.Tyr cells expressed 
detectable but extremely low levels of MHCI and MHCII in vitro. However, 
incubation with IFNγ was sufficient to induce substantial expression of both 
molecules by B16 cells in culture (Fig 5.10b), and cells also appeared to 
upregulate MHCI and to a lesser extent MHCII in vivo (Fig 5.10c). We found that 
B16 cells from progressively growing tumours that had ‘escaped’ or evaded 
immune control expressed lower levels of MHCI and MHCII on average 
compared to B16 cells isolated from stable tumour masses subjected to ongoing 
and effective immune suppression (Fig 5.10d, e). In contrast, no difference in the 
expression of GFP, as a reporter of concurrent gB protein expression, was 
observed between B16 cells isolated from progressively growing and controlled 
tumours (Fig 5.10f). These findings indicated that MHCI and MHCII expression 
was efficiently induced on B16 cells following in vivo implantation, and that  
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eventual downregulation of antigen-presentation machinery is associated with 
escape from immune-mediated control and subversion of the equilibrium state. 
 

5.2.7 Direct cytolysis is not essential for control of e.c. inoculated B16 
melanoma   
 
Effector molecules required for T cell control of s.c. inoculated B16 melanoma 
vary depending on experimental context (365, 535, 553, 580), and the molecular 
requirements for tumour control may differ when the same cancer cell type is 
transferred via alternate routes (551). Our findings indicated that TRM cells were 
critical for protection from e.c. melanoma development and could oppose cancer 
outgrowth in the absence of complete tumour cell eradication. However, 
expression of MHCI by B16 cells appeared integral to maintain stable tumour 
equilibrium following e.c. inoculation (Fig 5.10d) implying that direct recognition 
of B16 cells by CD8+ T cells may be important for ongoing cancer control. We 
therefore wished to determine the extent to which spontaneous and induced 
immune-cell mediated control of e.c. melanoma depended upon direct cytolysis 
or cytokines, and resolve the particular effector molecules essential to promote 
effective tumour control in our model.  
 
Perforin is a cytolytic effector protein promoting contact-mediated target cell 
death (790) and that is expressed by tumour-specific T cells localising to the e.c. 
melanoma microenvironment (Fig 3.15). Perforin is required for cancer rejection 
or tumour control in a variety of transplantable (551, 580, 581), carcinogen 
induced (581) and oncogenic (582) models. To determine whether perforin was 
also important for spontaneous control of e.c. inoculated melanoma, we 
challenged WT B6 and perforin-deficient (Pfp–/–) mice with B16.gB e.c. in parallel 
and monitored mice for tumour development. We found no difference in tumour 
growth kinetics or penetrance between mice of either genotype (Fig 5.11a), 
indicating that perforin was not required for initial control or long-term suppression 
of B16 melanoma cell growth. We have demonstrated that CD103-deficient mice 
show increased susceptibility to tumour development in our model (Fig 3.11c, d). 
In addition to enhancing peripheral retention of skin TRM cells (179), CD103 can  
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also augment direct CD8+ T cell-mediated killing of tumour cell targets in vitro 
(267, 314-316, 479) and in vivo (316). We therefore questioned whether CD103 
expression might promote tumour control by improving gBT-I T cell-mediated 
killing of B16.gB target cells, in addition to its role in promoting skin TRM cell 
adhesion. To this end, we activated WT gBT-I and CD103-deficient gBT-I (Itgae–

/– gBT-I) cells in vitro and added TGFβ to cultures to induce surface expression 
of CD103 (Fig 5.11b). CD103-deficient gBT-I cells were just as efficient as their 
WT counterparts at inducing cell death of IFNγ pre-treated B16.gB cells (Fig 
5.11c). These findings suggested that, at least in vitro, CD103 expression does 
not enhance B16.gB-cell killing by anti-tumour T cells. The ability of CD103 to 
promote direct killing has largely been demonstrated using lung cancer cells that 
express its predominant ligand E-cadherin (315, 479). We did not assess E-
cadherin expression on B16.gB cells in vitro here, but it should be mentioned that 
alternate B16 cell lines reportedly negligibly express this molecule (791). 
Together, these findings implied that efficient control of e.c. B16 melanoma could 
occur in the absence of direct perforin-mediated killing and was consistent with 
the notion that small numbers of tumour cells were regularly maintained in mouse 
skin for prolonged periods without being completely eliminated. 
 

5.2.8 IFNγ deficiency does not impact control of e.c. inoculated B16 
melanoma 
 
Since direct cytolysis appeared to be dispensable for long-term control of e.c. 
melanoma outgrowth, we reasoned that CD8+ T cell-derived effector cytokines 
might be more critical in this system. IFNγ is essential for the spontaneous control 
of cancer growth in a variety of tumour models (331, 363-367). Of note, 
production of IFNγ by CD8+ T cells is important to prevent reactivation of 
incompletely eliminated latent pathogens controlled in a state of viral-immune 
equilibrium (786, 792). 
 
To test whether IFNγ was important for the spontaneous control of e.c. melanoma 
development, we inoculated globally IFNγ-deficient (Ifng–/–) and WT B6 mice with 
B16.gB cells e.c. and monitored tumour development over time. Surprisingly, we  
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observed no difference in the proportion of previously naïve IFNγ-deficient mice 
developing macroscopic tumours by comparison with their WT counterparts (Fig 
5.12a), suggesting that IFNγ production was not essential for spontaneously 
induced long-term suppression of e.c. melanoma. We also assessed whether 
IFNγ was required for protection against e.c. melanoma offered by pre-lodged 
tumour-specific memory T cells. We transferred high numbers (1 x 106) of naïve 
IFNγ-deficient gBT-I.CD45.1 cells (Ifng–/– gBT-I) or WT gBT-I.CD45.1 cells to WT 
B6 mice to suppress activation of endogenous anti-gB CD8+ T cells. Mice were 
then infected with HSV-KOS to generate anti-tumour memory T cells and 
challenged with B16.gB e.c. ipsilateral to the lesion site. Mice possessing IFNγ-
deficient gBT-I.CD45.1 cells were no more susceptible to tumour development 
than mice that had received WT gBT-I.CD45.1 cells (Fig 5.12b), implying that 
CD8+ T cell-derived IFNγ was not critical for memory T cell mediated e.c. 
melanoma control in a prophylactic setting. In an alternative approach, we 
transferred in vitro activated IFNγ-deficient or WT gBT-I.CD45.1 cells to WT B6 
mice and treated mice with DNFB to generate gBT-I skin TRM cells prior to 
challenge ipsilateral to the site of DNFB application. Mice possessing IFNγ-
deficient and WT tumour-specific memory T cells were equally protected from 
e.c. melanoma development (Fig 5.12c). Whilst it is possible that in the latter two 
instances reactivation of TRM cells following tumour challenge may have induced 
IFNγ production by downstream bystander immune cells, our findings using 
IFNγ–/– mice implied that protection was similarly unaffected when all cells lacked 
the capacity for IFNγ production. Collectively, these findings strongly suggested 
that CD8+ T cell-derived IFNγ was not required for protection against e.c. 
melanoma development in otherwise immunocompetent mice. 
 

5.2.9 TNF is required for optimal protection against e.c. melanoma 
development 
 
Given that IFNγ production appeared inconsequential for protection against e.c. 
melanoma outgrowth, we next tested whether TNF was important for 
spontaneous e.c. melanoma control. TNF is known to evoke tumour cell 
destruction and control of cancer growth in a variety of settings (370, 384, 534, 



 176 

571) and like IFNγ, TNF is capable of promoting a state of tumour senescence 
or cancer-immune equilibrium in some instances (369, 424, 438, 535). 
 
We simultaneously challenged mice globally deficient in TNF (Tnf–/–) and WT B6 
mice with B16.gB e.c. and monitored tumour penetrance. Previously naïve Tnf–/– 
mice were significantly more susceptible to e.c. melanoma growth by comparison 
with WT B6 mice (Fig 5.13a), implying that production of TNF was important to 
induce long-term control of epithelial-targeted B16 melanoma. Whilst TNF can 
act as an effector molecule produced by CD8+ T cells responding to cancer or 
infection, it can also influence priming and recruitment of CD8+ T cells responding 
to tumour growth (370). At least in the context of HSV skin infection, we confirmed 
that TNF deficiency did not substantially influence the magnitude of endogenous 
TCIRC or skin TRM cell responses (Fig 5.13b), implying that heightened tumour 
susceptibility in TNF deficient mice was more likely to be a result of impaired 
effector cell function. However, spontaneous tumour protection was not 
completely lost in Tnf–/– recipient mice, suggesting that other effector molecules 
or mechanisms could likely compensate for a loss of TNF to promote induction of 
tumour-immune equilibrium in its absence. Together, our findings indicated a 
more critical role for TNF for immune suppression of e.c. inoculated B16 
melanoma compared to either IFNγ production or direct cytolysis by perforin 
secretion. 
  



Figure 5.13 TNF deficiency increases suceptibility to e.c. melanoma development. (a) 
Previously naive B6 (WT) or Tnf–/– mice were inoculated with 1 × 105 B16.gB e.c. and monitored 
for tumour growth. Shown is the proportion of mice developing macroscopic tumours over time. 
(b) WT B6 or Tnf–/– mice were infected with HSV-KOS on the flank and spleens or skin corre-
sponding to the infection site harvested 7 or 30 d following infection. Shown is the number of 
gB-specific CD8+ T cells identified by gB-H2-Kb tetramer staining (gB-tet+) at each time point. 
Data are pooled from 6 experiments with 8-10 mice per group per experiment (a) or are from 
one experiment with 3-4 mice per group per time point (b). ** p<0.05, Log-Rank Mantel Cox 
test.
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5.3 Discussion 
 
Whilst equilibrium is recognised as one of the three major phases of cancer 
immunoediting (327), this process is only rarely observed in mice. Consequently, 
our understanding of the cells and processes contributing to the induction and 
maintenance of cancer-immune equilibrium remains underdeveloped (793). 
Here, we demonstrate that B16 melanoma cells transferred directly to the skin of 
mice via e.c. inoculation can persist in a state of prolonged equilibrium or 
dormancy in a manner dependent upon immune cell control. Specifically, our 
findings have implicated TRM cells as important mediators of cancer-immune 
equilibrium in epithelial tissue compartments. Henceforth, we have established 
and characterised a novel method of tumour cell transplantation of orthotopic 
relevance, which can be used to study the phenomenon of tumour-immune 
equilibrium in the epithelial tissue compartments that are most susceptible to 
carcinogenesis. 
 
By combining sensitive imaging and PCR detection methods, we demonstrated 
that dormant B16 melanoma cells can persist within the skin of 
immunocompetent hosts in the absence of pre-existing immunity. This 
observation was somewhat surprising as B16 melanoma is generally considered 
to be an aggressively proliferative and lowly immunogenic tumour cell line that 
grows progressively in unexperienced hosts rather than establishing persistence 
(333, 794). However, B16 melanoma cell dormancy can also be induced after 
potent immunomodulatory interventions, or when tumour cells are delivered via 
nonconventional routes. For instance, long-term (>100 d) maintenance of 
persistent B16 cells has also been observed in the lung after effective ACT 
therapy (554), and following extensive vaccination and treatment protocols that 
restrain s.c. injected B16 cells (794-796). Moreover, persistence of viable 
Luciferase-expressing B16 melanoma cells has been observed specifically 
following transfer to the ear dermis but not to the foot pad (797). In this system, 
delivery of B16 melanoma cells to the ear prompts CD8+ T cell priming, whereas 
foot pad injection fails to elicit a detectable tumour-specific CD8+ T cell response 
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(797). Interestingly, in this case and in other studies (798), B16 cell dormancy is 
specifically induced when cells have been transfected with foreign DNA 
constructs that may serve as a neoantigen source for adaptive immune 
recognition. Thus, B16 melanoma cells are not inherently incapable of dormancy, 
and the relative proclivity or disinclination of B16 melanoma cells to be maintained 
in a persistent state is probably tightly linked to the ability of these cells to 
engender an effective and sustained local adaptive immune response. In further 
support of this, B16 melanoma cells engineered to overexpress the cytokine IL-2 
and injected s.c. can be maintained in a dormant state following recruitment of 
excess NK cells, CD8+ and CD4+ T cells to the tumour site (799). Similarly, 
enhanced CD8+ and CD4+ T cell recruitment can be observed at skin sites where 
B16 melanoma cells persist following ear injection (797). Our findings suggest 
that delivering the B16 cell line via the orthotopic e.c. route increases its 
immunogenicity, evoking local CD8+ and potentially CD4+ T cell responses that 
induce dormancy or persistence. 
 
Findings in Chapter 3 indicated that T cells are critical for spontaneous protection 
against e.c. melanoma development and therefore for the establishment of 
tumour-immune equilibrium. This dependency on adaptive immune cells for the 
induction and maintenance of equilibrium is also echoed in other tumour models 
including low-dose MCA triggered sarcoma, where combined efforts of CD8+ and 
CD4+ T cells promote tumour persistence (385), and in spontaneous melanoma 
(380) or following TC1 skin tumour transplantation where CD8+ T cells play a 
most critical role (343). Notably, our work provides a refined understanding of the 
particular subsets of CD8+ T cells that promote tumour dormancy, specifically in 
the epithelial compartments that are most prone to malignancy. Firstly, our 
intravital imaging allowed us to visualise tumour-primed TRM cells dynamically 
and continually surveying persistent B16 melanoma cells in the outermost layers 
of the skin. Most strikingly, ablation of tumour-specific TRM cells from the skin of 
mice harbouring dormant melanoma cells was sufficient to trigger tumour 
outgrowth in some mice, confirming that TRM cells actively suppress tumour 
growth by inducing or maintaining cancer-immune equilibrium. As such, our work 
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resolves a long outstanding question of how malignant epithelial derived cells can 
be controlled in an ongoing state of cancer-immune equilibrium for decades (434, 
441) even though circulating CD8+ TEM and CD4+ memory T cells are principally 
excluded from these tissue compartments at rest (156). 
 
The proportion of WT B6 mice developing macroscopic tumours following skin 
TRM cell depletion was relatively low, a finding may be explained by a variety of 
factors, none of which are mutually exclusive. Firstly, although tumour cell 
persistence can occur in a proportion of mice free from macroscopic disease, we 
do not purport that complete elimination of melanoma cells is impossible. Our 
PCR analysis allowed us to estimate the frequency of tumour cell persistence in 
previously naïve and pre-immunised nondeveloper mice to be approximately 40-
50%. This quantitation may be an underestimation, as we could only screen a 
limited fraction of tumour-challenged skin for the presence of B16 genomic DNA. 
On the other hand, DNA amplification might occasionally reflect long-term 
retention of genetic material following complete elimination of tumour cells, or the 
ongoing preservation of non-viable or non-replicative melanoma cells. 
Importantly, we could confirm the presence of viable and metabolically active 
persistent B16 cells in the skin of macroscopically tumour-free mice using 
bioluminescence or intravital imaging methods. The apparent frequency of 
tumour cell persistence in nondeveloper mice using both imaging techniques 
tended to vary between experiments and may have depended upon the efficiency 
of human detection and machine sensitivity. However, it can be inferred from IV-
2PM experiments that persistent B16 cells were not detectable in every 
nondeveloper (data not shown), and thus a considerable fraction of mice likely 
also completely eliminated tumour cells from the skin. In the context of our anti-
Thy1.1 depletion experiments, innate immune activation triggered by local 
antibody injection could also disrupt pre-existing equilibrium, triggering complete 
eradication of persistent cancer cells independently of TRM cell depletion. In any 
case, mice from which tumour cells have been completely eliminated would no 
longer be susceptible to melanoma outgrowth irrespective of TRM cell ablation. 
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Secondly, although localised antibody mediated depletion triggered a substantial 
reduction in the number of TRM cells found in the skin, ablation was incomplete in 
the majority of cases. Here we provide the first demonstration that targeted skin 
delivery of anti-Thy1.1 antibody can induce eradication of TRM cells that are 
normally protected from depletion by the same antibody injected systemically. 
Whilst anti-Thy1.1 depletion is now commonly used to deplete TCIRC but not TRM 
cells in a variety of tissues and studies (168-170), its exact mechanism of action 
remains relatively elusive. However, similar antibodies displaying analogous 
selective affinity for TCIRC over skin TRM cells are also employed in human 
patients, where they fail to clear skin TRM cells despite efficiently reaching the 
tissue (303). In these circumstances, TCIRC cell depletion has been shown to 
depend upon neutrophil-mediated antibody-dependent cell-mediated cytotoxicity 
(ADCC) (303). Our findings support the notion that a similar neutrophil-driven 
mechanism may promote TCIRC cell depletion following anti-Thy1.1 
administration, as we were able to deplete TCIRC cells using anti-Thy1.1 
antibodies in Rag2–/– x Il2rg –/– mice that lack NK cells, which are an alternative 
major ADCC mediator. Neutrophils are infrequent in steady-state skin, but are 
recruited in ample numbers following mechanical disruption of the epidermis 
(800). Local low-level inflammation induced by intradermal (but not systemic) 
anti-Thy1.1 antibody delivery might therefore promote accumulation of TRM cell-
targeting neutrophils within the skin, ultimately enabling antibody-mediated TRM 
cell depletion. However, swarming of neutrophils to the skin following abrasion is 
very shortlived (800) which may contribute to the inefficiency of TRM cell clearance 
observed. Given that very few B16 cells typically persisted in the skin of 
macroscopically tumour-free mice, even low numbers of residual TRM cells 
remaining after depletion may be sufficient to prevent tumour escape.  
 
Finally, relatively complete TRM cell depletion could only be achieved in WT mice 
that can contribute their own endogenous Thy1.2+ anti-tumour TRM cell response. 
Potential TRM and innate immune cell reactivation along with possible bouts of 
subclinical tumour cell proliferation triggered by local anti-Thy1.1 injection may 
also promote boosting of endogenous anti-tumour immune cells and encourage 
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endogenous TRM cell proliferation or accumulation (128, 198). These limitations 
could be addressed in the future by devising a method that permits complete 
depletion of TRM cells in mice lacking an endogenous immune response. 
 
Here we have demonstrated that tumour-immune equilibrium can be established 
and maintained by immune cells, but an important unanswered question is how 
this state of equilibrium or dormancy is induced. Tumour cell persistence could 
theoretically reflect a balance of tumour cell killing and proliferation that prevents 
net tumour growth, or alternatively could result when tumour cells enter a state of 
non-proliferative quiescence or senescence. Evidence exists to indicate that both 
or either of these mechanisms can contribute to tumour-immune equilibrium in 
mice. Dormant MCA-induced sarcoma cells display an increase in apoptosis 
along with decreased proliferation by comparison with cancer cells from 
progressive tumours (385). However, some tumour cells retain expression of the 
proliferative marker Ki67 in this scenario (385), indicating that heightened 
immune cell induced death together with ongoing but sluggish tumour cell division 
likely enable tumour-immune equilibrium in this instance. In a similar fashion, 
immune-mediated equilibrium induced following radiation treatment is dependent 
upon an ongoing competition between cell death and proliferation (440). 
Bioluminescence imaging of e.c. B16.gB.Luc inoculated mice indicated that 
luminescence signals could be detected intermittently and unreliably in some 
mice that harboured persistent tumour cells long-term, suggestive of possible flux 
in the number of melanoma cells maintained in the skin over time, and thus 
potentially also reflective of balanced cell death and division contributing to 
equilibrium in our model. However, this could also conceivably reflect variation in 
the metabolic activities of otherwise static persistent melanoma cells or induction 
of a revocable quiescence state. Of note, our intravital imaging and Prf–/– 
challenge experiments imply that direct cell-mediated killing of B16 cells may not 
be required for ongoing tumour control, consistent with prior B16 melanoma 
studies (578). However, additional killing mechanisms such as Fas/FasL 
interactions may share redundancy with perforin (801). 
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Alternatively, tumour cells may adapt to unhospitable conditions by modifying 
their transcriptional activity and morphology to induce a quiescent or senescent 
phenotype characterised by a paucity of proliferation. Unlike senescence, during 
which cells become completely incapable of division, quiescence is a reversible 
and more plastic state (433, 802-805). Dormant cancer cells often share a 
likeness to cancer stem cells, which are characterised by a slow rate of turnover 
and are classically quiescent (806-810). Interestingly, immune effector molecules 
can induce dedifferentiation of tumour cells, forcing regression to a stem-like 
state which may be accompanied by a reduced rate of proliferation (424). 
Cytokines such as IFNγ and TNF produced by CD4+ T cells have been shown to 
induce irreversible senescence of pancreatic cancer cells (438), and CD8+ T cells 
can also provoke senescence of disseminated melanoma cells in the lung (380). 
Interestingly, the TRM cell differentiation factor TGFβ which is most abundant in 
the skin epithelium (270) can directly induce quiescence of epithelial-derived 
squamous cell carcinomas (811). B16 cells that persist within the skin following 
e.c. inoculation may adopt a slow cycling quiescent phenotype to facilitate their 
persistence at tumour-immune equilibrium. However, we can presume that 
persistent B16 cells avoid complete senescence in most instances, as productive 
tumour growth can be reinitiated when TRM cells are removed. It will be important 
to determine whether B16 cells regularly undergo proliferation and death during 
prolonged persistence or if they are largely static. In the future, these possibilities 
could be distinguished by performing intravital microscopy of dormant melanoma 
cells engineered to express Ki67 or Fucci reporters that denote proliferation (812, 
813) or caspase3 reporters as a marker of apoptotic cell death (814). Of note, the 
capacity for tumour cells to become quiescent or senescent is highly dependent 
on the particular expression and/or mutation of sets of oncogenes within the cell 
(433, 802, 815), which vary dramatically between cancers. B16 melanoma cells 
present with mutations in the senescence-promoting factors p53 and Cdkn2a, but 
retain expression of the senescence-initiator B-Raf (339, 816-818), whereas 
human melanomas are commonly characterised by B-Raf mutations (819). If 
tumour cell persistence within the epithelium does rely upon induction of 
quiescence or senescence, intrinsic properties of the tumour cell itself may be 
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just as important as the quality of the immune response to determine whether 
tumours enter stable cancer-immune equilibrium. It would be interesting to test 
whether tumour cell lines with alternate oncogenic mutations can also persist at 
equilibrium after e.c. inoculation. 
 
In this Chapter we developed intravital microscopy techniques that can be used 
to visualise interactions between tumour-primed T cells and melanoma cells in 
situ within the epithelium. Consistent with flow cytometry predictions, T cells 
localising to peritumoural skin regions resembled the dendritic and slow moving 
skin TRM cells generated by viral infection or bystander recruitment (156, 226, 
249), whereas TIL maintained a more globular shape. Although TIL colocalised 
with B16 cells, they often continued to migrate rapidly throughout the tumour 
microenvironment and rarely arrested upon tumour cell encounter. Whilst T cell 
surveillance can occur without substantial stopping (820-822), migratory arrest 
and stalling is indicative of effective T cell (199, 821) or TRM cell (198, 249, 252) 
recognition and activation during viral infection. Similarly, T cell arrest and 
formation of stable T cell-target cell contacts symbolises activation within the 
tumour microenvironment (823) and is required for efficient tumour regression 
(814, 823, 824). The relative inefficiency with which stable contacts were 
observed to form within the tumour microenvironment of developer mice may 
explain why the many T cells that may infiltrate progressively growing melanomas 
fail to provide appreciable control. Similar to TIL in developer mice, TRM cells 
probing persistent B16 cells in nondeveloper mice also did not slow down or 
arrest after making tumour cell contact. These findings may reflect low levels of 
antigen presentation by tumour cells or potential alterations in the tumour-primed 
TRM cell phenotype that encourage them to respond to cognate antigen in a 
unique manner. In any case, these observations are consistent with the notion 
that direct contact-dependent killing is dispensable for control of tumour growth. 
 
In agreement with our flow cytometry data, IV-2PM analysis indicated that 
tumour-infiltrating T cells tended to congregate and persist at the peritumoural 
border in developer mice. Similar peritumoural localisation of CD8+ T cells has 
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also been observed by IV-2PM in other tumour models (619, 825, 826). In these 
instances, peritumoural T cell localisation can reflect unproductive but 
preferential interactions with tumour-marginal APCs such as dendritic cells (826) 
and macrophages (827) that impede tumour infiltration and cancer cell killing 
(825). Our imaging experiments revealed mCherry+ vesicle-like and cell-
associated shapes within the peritumoural skin of mice bearing progressively 
growing tumours, similar to those occurring within DCs that reside within the 
peritumoural region of breast cancers (825). These findings warrant future 
studies using fluorescent APC reporter mice (such as CD11c-YFP mice) to permit 
visualisation of potential interactions between peritumoural T cells and cross-
presenting APCs. During HSV skin infection, effector CD8+ T cells must 
recognise antigen presented by directly infected cells to initiate cytokine 
production in the epithelium (828). However, interactions between cross-
presenting peritumoural APCs and tumour-primed T cells may be particularly 
important to elicit T cell effector functions in the tumour context (712, 829), 
especially given that our data suggests T cells largely fail to stably engage 
melanoma targets. Alternatively, if these interactions are futile, they may 
contribute to the inefficiency of the tumour-primed CD8+ T cell response during 
progressive tumour growth. 
 
Our data points to an increased reliance upon cytostatic rather than cytotoxic 
mechanisms for TRM-cell driven tumour immune surveillance. Specifically, we 
found that TNF promoted long-term tumour control, whereas IFNγ was 
dispensable for protection. This was surprising given that immune-mediated 
equilibrium in the low-dose MCA sarcoma model is completely contingent on 
continued IFNγ production (385) and independent of TNF (429). However, 
dependency on IFNγ for induction or maintenance of equilibrium may be 
lessened in other scenarios (799). One critical way in which IFNγ promotes anti-
tumour immunity is by driving upregulation of antigen presentation machinery and 
MHCI to permit direct killing (557, 830). Consequently, in some tumour models, 
perforin and IFNγ work through similar and interconnected mechanisms to induce 
cancer suppression, whereas TNF exhibits independent anti-tumour function 
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(384). Reduced reliance on direct killing of B16 cells for e.c. melanoma control 
may therefore partly explain why IFNγ was also dispensable for protection in this 
system. Cytokines such as TNF and Type I interferon can substitute for IFNγ to 
promote MHCI upregulation in some cases (831-833), including on B16 cells in 
vitro (834). Thus, some of the principal anti-tumour effects of IFNγ could be 
redundant in our model. Studying tumour development in mice characterised by 
concomitant loss of multiple effector molecules (e.g. IFNγ/TNF double-deficient 
mice) may reveal functional overlap and potentially synergistic roles for IFNγ and 
TNF in this context. In addition to its tumour suppressive functions, IFNγ can also 
incite cancer escape by promoting cancer cell resistance to T cell or NK cell 
mediated immune surveillance (835-837), preventing tumour cell apoptosis (838) 
and encouraging immunoediting and antigen-loss variant selection (570). Thus, 
it is feasible that opposing positive and negative effects of IFNγ activity may 
cancel out during e.c. melanoma development. Importantly, we did not assess 
the frequency with which elimination versus equilibrium occurred in effector 
molecule deficient mice that were overtly protected from tumour growth – thus it 
remains possible that the incidence of tumour-immune equilibrium is increased 
or decreased in IFNγ- or perforin-deficient mice, but that macroscopic tumour 
penetrance remains unchanged. 
 
We found that TNF increased the capacity for long-term tumour control and 
therefore likely the maintenance of tumour-immune equilibrium in our model. TNF 
has been implicated in the induction of senescence and latency (438, 575) or 
death-driven equilibrium (440) in various cancer contexts in vivo. TNF can induce 
senescence by signalling to tumour cells directly (438) and is known to induce 
dedifferentiation of melanoma cells (424), which may contribute to their 
regression to a more quiescent and stem-like state (839, 840). In addition, TNF 
can have tumour cell extrinsic effects that contribute to anti-cancer immunity, for 
instance by decreasing MDSC development and retention in the tumour 
microenvironment (841). Whilst we have implicated TNF as an important 
molecule for optimal epithelial tumour control, we have not here established 
whether TNF derived directly from skin TRM cells is specifically required for 
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melanoma protection, or whether this represents a more indirect mechanism of 
control. However, we have shown that TRM cells in peritumoural skin can 
constitutively produce TNF in vivo (Section 3.2.5) and serve as a primary source 
of this effector molecule within the tumour microenvironment (Section 3.2.10). 
Use of TNF-deficient tumour-specific T cells (i.e. gBT-I/TNF cells) in the future 
should allow us to determine the extent to which TNF derived directly from TRM 
cells is necessary for melanoma control. 
 
Finally, a critical question remaining pertains to why TRM cells induce equilibrium 
without driving complete elimination of melanoma cells. The degree of anti-viral 
protection provided by TRM cells in the skin is tied to their density within the tissue 
(198). Similarly, low densities of TRM cells within the human genital tract is 
associated with increased reactivation of viral latency (842). Migration of skin TRM 
cells is typically restricted to a small area and cells do not move freely throughout 
the tissue. Hence, a high number of TRM cells is required to achieve maximal 
lateral coverage of an organ (198, 226, 249). In addition, accumulation of T cells 
at any one particular epithelial location is limited by the restricted dimensions of 
this tissue compartment, which is only a few cells thick. Therefore, one possibility 
is that the density of TRM cells that can be achieved within the epithelium is simply 
not high enough to permit complete eradication via killing. This notion is 
supported by the observation that exceedingly higher effector:target ratios than 
those observed in our IV-2PM experiments are reportedly required for T cells to 
directly lyse target cells in vivo (789, 843). Whilst low numbers of TRM cells may 
be insufficient to mediate direct killing, activation of very few cells within the tissue 
can induce cytokine-mediated control with far more extensive reach, at least in 
the context of viral infection (50, 844). These distally active effector molecules 
may be more likely to induce quiescence or senescence than cell death (438). 
Furthermore, although skin TRM cells can rapidly induce GzmB protein expression 
upon antigen restimulation or IL-15 exposure (233), these cells may express low 
levels of GzmB at rest (233, 845). Hence, the extent to which skin TRM cells 
actually inherently possess the capacity for in vivo killing independently of 
abundance or density remains unclear.  
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A second possibility as to why T cells fail to completely eliminate melanoma cells 
is that the TRM cell response is dampened or cells become dysfunctional as a 
result of chronic exposure. We previously observed that tumour-primed T cells 
produced somewhat fewer cytokines upon restimulation than those primed by 
viral infection (Section 3.2.5). TRM cells in the tumour microenvironment express 
a gamut of inhibitory receptors that could modulate their activity. However, 
steady-state TRM cells also express these molecules and retain functionality 
following viral recall (198), suggesting that TRM cells may be less susceptible to 
intrinsic immune checkpoint molecule regulation. TRM cell activity might also be 
moderated by interactions with other immune cells that are recruited to the tumour 
microenvironment and indirectly promote equilibrium instead of elimination. 
Specifically, tumour infiltration by Treg cells is important for induction of CD8+ T 
cell dependent B16 cell dormancy in both the dermis (797) and subcutaneously 
(799).  
 
A final possibility is that entry to equilibrium may result from tumour-cell intrinsic 
adaptations that arise as a consequence of selective pressure. For instance, 
tumour cells may reduce presentation of their cognate antigen to prevent CD8+ 
TRM cells from making stable contacts or producing high levels of cytokines that 
could drive complete eradication. Although we found that stable tumour masses 
held in a form of macroscopic equilibrium generally maintained high levels of 
MHCI expression, we were unable to analyse MHCI expression on individual 
dormant tumour cells from nondeveloper mice. In addition, we did not evaluate 
possible changes in upstream components of the MHCI processing pathway, nor 
assess expression of the gB protein itself (instead of its indirect GFP reporter) or 
quantify stable MHCI:gB peptide complexes on the cell surface. Downregulation 
of MHCI or antigen presentation machinery allows infected cells to evade 
detection and elimination by CD8+ effector T cells (789) and TRM cells (211). In 
the cancer context, expression of the IFNγR, which acts as an upstream predictor 
of MHCI expression, plays a critical role in determining whether tumour cells enter 
equilibrium or are completely eliminated (561). Importantly, the mode of tumour-



 189 

immune equilibrium promoted by epithelial TRM cells in our studies echoes the 
role of TRM cells in controlling latent viral reservoirs without destroying host 
neurons, which are characterised by negligible MHCI expression (846, 847). 
Interestingly, epithelial-derived stem cells in the skin can serve as precursors to 
carcinoma and are uniquely protected from effective immune surveillance and 
eradication by CD8+ T cells because they downregulate MHCI expression during 
quiescence (848). In these stem cells, MHCI is indirectly regulated by Foxc1, the 
expression of which is also altered in modified melanocytes undergoing TNF-
driven dedifferentiation and reversion to a more stem-like state (849). Plausibly, 
reduced MHCI expression may help to protect dormant melanoma cells from 
eradication, whereas continual expression of MHCI by skin-residing and cross-
presenting APCs may be sufficient to induce low levels of diffusive and 
senescence-inducing cytokine production by TRM cells. 
 
Ultimately, the observation that metastatic tumours derived from the same 
primary lesion can independently acquire immune resistance in human patients 
(464, 850) highlights that cancers of the same origin can achieve escape from 
immune surveillance through a variety of means. Multiple evasion and regulation 
mechanisms contributing to the establishment of tumour-immune equilibrium may 
exist within the same mouse. In addition, the heterogeneity of tumour cells and 
unique selective pressures occurring in individual mice may mean the 
mechanisms through which tumour-immune equilibrium is induced differ greatly 
between mice, even in our controlled model. In sum, we have demonstrated for 
the first time that TRM cells can protect against tumour progression by actively 
promoting tumour-immune equilibrium. Further analysis of the particular effector 
mechanisms and cellular networks that contribute to the establishment of this 
equilibrium state is now warranted, and may provide clues as to how complete 
cancer remission could be achieved more regularly in the clinic. 
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Chapter 6: Enhancing control of melanoma growth 
through immunotherapeutic means 
 

6.1 Introduction 
 
Immunotherapies including tumour vaccination, adoptive cell therapy and 
immune checkpoint blockade have revolutionised the landscape of human cancer 
treatment (851). These strategies are designed either to activate de novo or pre-
existing immune responses to permit control and eradication of tumours that have 
evaded initial immune surveillance efforts or developed resistance to anti-tumour 
immune cells. To augment anti-tumour immunity, most cancer immunotherapies 
work to establish or enhance interactions between cancer cells and TIL found 
locally within the tumour bed. It is therefore feasible that the success of many of 
these therapies is dependent upon the generation or reinvigoration of tumour-
localising TRM cells. 
 
Most cancer vaccines in clinical trials have failed to induce durable regression or 
clearance of solid cancers, even though they have been shown to generate highly 
abundant tumour-specific CD8+ T cells in peripheral blood (458, 852-855). The 
limited success of these vaccines therefore may relate to their inability to induce 
T cell migration to and retention within the solid tumour microenvironment (856, 
857). The ability of cancer vaccines to drive T cell infiltration of solid cancers is 
highly dependent upon the route and circumstances of vaccination administration 
(858, 859). T cell migration into peripheral tumours is enhanced following vaccine 
administration via mucosal routes by comparison with intramuscular or 
subcutaneous routes, leading to an increase in therapeutic efficacy (860, 861). 
Importantly, cancer-vaccine generated T cells with superior protective capacity 
within the tumour microenvironment have been shown to acquire phenotypic 
markers of tissue-residency including CD49a, CD69 and CD103 expression in 
mice (454, 673, 860-862). Likewise, the formation of CD49a+CD103+ TRM cells in 
human metastatic melanoma correlates with improved disease outcome following 
vaccine administration (454). These findings imply that the protective efficacy of 
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cancer vaccines against solid tumours may be linked to their ability to generate 
tumour-infiltrating TRM cells.  
 
ACT ultilising in vitro activated T cells has proven somewhat more effective for 
the treatment of solid tumours by comparison with cancer vaccination (675, 853, 
863). The extent to which the success of ACT depends upon the formation of 
TRM-phenotype cells in the tumour microenvironment is less clear. Similar to 
cancer vaccination, the presence of high numbers of tumour-specific T cells in 
peripheral blood is insufficient to predict patient responses to ACT including CAR 
T cell therapy (852, 864, 865). Instead, positive responses to ACT correlate with 
increased infiltration and persistence of T cells within the tumour bed (425, 866). 
Importantly, a role for putative tumour-localising TRM cells is also supported by 
human ACT studies that revealed long-term anti-cancer protection can be upheld 
by tumour-localising T cells in spite of T cell contraction in the blood (677), 
implying that protective local T cells maintained independently of the circulating 
immune response can be generated following ACT.  
 
Perhaps the most recent promising advance in the field of cancer immunotherapy 
involves delivering antibodies specific for combinations of immune checkpoint 
molecules that negatively regulate anti-tumour T cell activity (867). Importantly, 
tumour-localising CD69+CD103+ TRM cells have been shown to express higher 
levels of these inhibitory molecules including PD-1, CTLA-4 and LAG-3 in a 
variety of solid human cancers by comparison with non-CD103+ CD8+ T cells 
(240, 460, 471-473, 477, 478, 868), implying that tumour TRM cells are ideal 
candidates for targeting by immune checkpoint blockade. In support of this, 
immune checkpoint blockade therapy against PD-1 and CTLA-4 pathways 
appears to preferentially reinvigorate pre-existing TIL within tumours (411, 695) 
and immune checkpoint blockade regimes can often effectively induce tumour 
control despite blockade of circulating immune cell infiltration to the tumour site 
(637, 646, 706). Furthermore, the presence of CD8+ T cells with a TRM cell-
specific transcriptional (478) or phenotypic (473) signature correlates with 
improved responses to immune checkpoint blockade therapy in melanoma. 
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Collectively, these findings suggest that tumour TRM cells may be preferentially 
targeted and reactivated by immune checkpoint blockade inhibitors when 
compared to TCIRC cells.  
 
In most mouse tumour models, delivery of cancer vaccines or in vitro activated 
CD8+ T cells as ACT to tumour-bearing mice requires extensive lymphodepletion 
and adjuvant co-administration to be effective, and often triggers only short-term 
tumour control with inevitable relapse and disease recurrence (191, 424, 664, 
684). Additionally, models of implanted tumours often fail to recruit TIL that 
differentiate into CD103+ TRM cells irrespective of pathogen-driven T cell 
expansion (287) or ACT (262), making it difficult to assess the potential 
contribution of TRM cells to tumour control incited by these therapies. B16 tumours 
induced by traditional subcutaneous inoculation are largely refractory to 
conventional antibody-mediated checkpoint blockade (664). In contrast, the 
epicutaneous B16 melanoma model can support both spontaneous generation of 
tumour-primed TRM cells in the tumour microenvironment, as well as 
differentiation of tumour-infiltrating TRM cells from infection induced (Fig 3.12) or 
in vitro activated T cells (Fig 3.14). Use of this model in therapeutic settings may 
therefore provide a unique preclinical opportunity to examine the contribution of 
TRM cells to anti-tumour protection following treatment and to test the efficacy of 
novel anti-cancer immunotherapies in an orthotopic setting. Consequently, we 
sought to assess the susceptibility of e.c. inoculated B16 melanoma to mock 
cancer vaccination via immunisation with a cross-reactive pathogen or following 
basic ACT with in vitro activated T cells and the extent to which immune control 
would depend upon TRM cell formation. Additionally, we examined whether 
immune checkpoint blockade could impair the growth of e.c. inoculated B16 
melanoma by enhancing TRM cell formation or activity. 
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6.2 Results 
 

6.2.1 Concurrent HSV-KOS infection induces regression of progressively 
growing e.c. B16.gB melanoma 
 
Although we could identify tumour-primed TRM cells in the skin of spontaneously 
protected nondeveloper mice, those bearing progressively growing melanoma 
possessed few skin TRM cells in the absence of extrinsic intervention. Results in 
Chapter 3 indicated that concomitant HSV skin infection of tumour-bearing mice 
drove heightened activation and expansion of cross-reactive gBT-I cells that were 
capable of infiltrating tumours and differentiating into peritumoural TRM cells (Fig 
3.12). We therefore interrogated whether concurrent HSV-KOS infection of 
B16.gB tumour-bearing mice would induce tumour regression or elimination as 
an approximate model of cancer vaccination.  
 
B6.CD45.2 recipient mice were inoculated with B16.gB cells e.c. on the upper left 
flank and monitored for melanoma development. Mice developing palpable 
tumours (<200mm3) were then transferred naïve gBT-I.CD45.1 cells, infected 
with HSV-KOS on the lower right flank and monitored for tumour progression (Fig 
6.1a). Separate control groups were challenged with B16.VC or B16.OVA cells 
on the left flank prior to cell transfer and HSV infection. Regression was defined 
as a reduction in tumour volume over at least three consecutive days. Concurrent 
HSV infection triggered regression of the majority of established B16.gB tumours 
that typically commenced ~6-8 days post-HSV infection, coincident with the peak 
of the effector CD8+ T cell response in HSV-infected skin (Fig 6.1b-d). In contrast, 
B16.VC or B16.OVA control tumours continued to grow progressively irrespective 
of contralateral HSV infection (Fig 6.1b, d), implying that HSV-induced control of 
B16 melanoma growth was an antigen specific phenomenon. Regressing B16.gB 
tumours were observed to decrease or stabilise in volume following HSV 
infection, but remained macroscopically apparent and were not completely 
eliminated from the skin (Fig 6.1b). Although regressing B16.gB tumours could 
be maintained at low and stable volumes for up to 2-3 weeks post-HSV infection,  



Figure 6.1 Concurrent HSV infection triggers regression and temporary control of 
progressively growing e.c. B16.gB melanoma. (a) Experimental schematic. B6.CD45.2 mice 
were inoculated with 1 × 105 B16.gB, B16.OVA or B16.VC cells e.c. on the upper L flank. Mice 
developing palpable tumours were transferred 5 x 104 naive gBT-I.CD45.1 cells and infected 
with HSV-KOS on the lower R flank and tumour growth monitored over time. (b) Growth kinetics 
of individual tumours following treatment described in (a). Green indicates B16.gB tumours that 
were refractory to or escaped early after HSV-KOS infection. Purple indicates tumours that were 
controlled following HSV-KOS infection. (c) Pooled growth kinetics of B16.gB tumours following 
HSV-KOS infection. (d) Proportion of B16.gB or B16.gB/OVA tumours regressing following 
HSV-KOS infection. (e) Experimental schematic. B6.CD45.2 mice were inoculated with 105 
B16.gB cells e.c. on the L flank. Mice developing progressively growing melanoma were trans-
ferred 1 × 106 gBT-I.CD45.1 WT or gBT-I.CD45.1 Ifng–/– cells on the same day as infection with 
HSV-KOS on the R flank and tumour growth monitored over time. (f) Pooled growth kinetics of 
tumours from groups described in (e) following HSV-KOS infection. (g)
TNF by gBT-I.CD45.1 WT or gBT-I.CD45.1.Ifng–/– (KO) cells isolated from mice described in (e) 
2 wks post-HSV infection. Data are pooled from 3 experiments with 10-20 mice per group (b, d), 
representative of 3 experiments with 5-10 mice per experiment (c) or from 1 experiment with 6-8 
mice per group (f, g). ***p < 0.001, Long-Rank Mantel Cox test, n.s.; not significant, multiple T 
tests (f) or Mann Whitney test (h). Bars represent the mean and error bars depict SEM. 
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the vast majority of these ‘controlled’ tumours eventually escaped HSV-induced 
control and recommenced progressive growth after this time (Fig 6.1b, c). In 
addition, a subset of B16.gB tumours were either completely refractory to HSV-
provoked control or rapidly relapsed following a brief reduction in tumour volume 
(‘not controlled’) (Fig 6.1b, d), indicating heterogeneity in the efficiency of the 
anti-tumour response induced by viral infection. Collectively, these experiments 
demonstrated that concurrent HSV infection could induce temporary control of 
most e.c. inoculated tumours, but that tumours were not eliminated and ultimately 
acquired resistance to HSV-induced immune pressure to resume progressive 
growth. 
 
Production of IFNγ is essential to limit the spread of HSV in the skin epithelium 
(869, 870) and IFNγ derived from effector CD8+ or CD4+ T cells is often important 
to induce subcutaneous or lung metastatic cancer regression following ACT (534, 
536), although this requirement is not exclusive (365). We attempted to assess 
whether IFNγ was required for control and regression of e.c. inoculated B16.gB 
tumours evoked by concomitant HSV infection. To this end, B6.CD45.2 mice 
were challenged with B16.gB cells e.c. on the left flank and monitored for tumour 
development. Once melanomas became palpable, large numbers (1 x 106) of 
either WT or IFNγ-deficient naïve gBT-I.CD45.1 cells were transferred to 
separate tumour-bearing recipient mice in an effort to suppress the IFNγ-
sufficient endogenous gB-specific CD8+ T cell response, and mice were infected 
with HSV on the opposing right flank (Fig 6.1e). The extent of e.c. B16.gB tumour 
regression following HSV infection was similar whether mice had received WT or 
IFNγ–/– gBT-I cells (Fig 6.1f), implying that IFNγ production by HSV-stimulated 
and tumour-reactive CD8+ T cells was not required to induce tumour control. To 
determine whether peritumoural gBT-I TRM cells and TIL stimulated by HSV 
infection were actually producing IFNγ, we analysed cytokine production by gBT-
I.CD45.1 cells ~2wks following HSV infection, when the majority of tumours were 
still actively controlled (see Fig 6.1f). To enable analysis of in situ cytokine 
production occurring within the tumour microenvironment, organs were incubated 
with BFA in the absence of additional overt restimulation, as previously described 
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(828). We found that a subset of HSV-stimulated WT gBT-I cells infiltrating the 
tumour mass produced IFNγ but not TNF in situ, whereas peritumoural gBT-I TRM 
cells did not appear to produce either cytokine at this time point (Fig 6.1g). These 
findings indicated that even though protective HSV-stimulated and tumour-
specific CD8+ TIL produce IFNγ in regressing or stabilised tumours, T-cell derived 
IFNγ is dispensable for tumour control. However, we cannot rule out the 
possibility that CD8+ or CD4+ T cells specific for other gB-derived peptides 
derived from the endogenous repertoire or other host cells were activated by HSV 
infection and produced IFNγ that may compensate for a loss of cytokine 
production by gBT-I.IFNγ–/– cells. 
 

6.2.2 Investigating determinants of HSV-induced tumour control and 
relapse 
 
Whereas growth of a subset of regressing tumours was suppressed for weeks 
following HSV infection, other melanomas were poorly controlled and relapsed 
quickly (Fig 6.1b). We theorised that quantitative or qualitative differences in the 
cross-reactive CD8+ T cell response might account for differences in the efficacy 
of virus-induced tumour control. To investigate this, B6.CD45.2 mice were 
inoculated with B16.gB e.c. and mice developing palpable tumours were later 
transferred naïve gBT-I.CD45.1 cells i.v., infected with HSV-KOS on the 
contralateral flank and monitored for tumour regression over time (Fig 6.2a). 
Around 3wks post-HSV infection approximately half of the regressing tumours 
had relapsed or ‘escaped’, while the other half remained ‘controlled’ at a stable 
volume (Fig 6.2b). Organs were harvested from mice bearing ‘escaped’ or 
‘controlled’ tumours to allow comparison of the HSV-primed gBT-I T cell 
response. Comparable numbers of gBT-I cells with similar expression of the 
activation markers CD62L, KLRG1 and PD-1 were observed in the spleens of 
mice irrespective of whether they possessed controlled or escaped tumours (Fig 
6.2c, d). Likewise, similar numbers of gBT-I cells were found in the tumour dLNs 
of mice bearing controlled or escaped tumours (Fig 6.2e). Although no 
differences in surface CD62L or KLRG1 expression were observed in LN-
localising gBT-I cells from either group, gBT-I cells isolated from the LN of mice  



a

Figure 6.2 Phenotypic analysis of tumour-specific TIL infiltrating regressing and 
controlled tumours. (a)  Experimental schematic. B6.CD45.2 mice were inoculated with 1 × 
105 B16.gB cells e.c. on the L flank. Approximately 2-3 weeks post-B16 cell transfer, mice were 
transferred 5 x 104 gBT-I.CD45.1 cells i.v. and infected with HSV-KOS on the R flank. Organs 
were analysed from with persistently controlled tumours (no net increase in volume for more 
than 3 d) or escaped tumours 19, 22 or 24 d post-infection. (b) Tumour growth kinetics of 
tumours from mice treated as in (a) classified as escaped (orange) or controlled (blue). (c, d) 
Number (c) and phenotype (d) of gBT-I cells isolated from the spleen. (e, f)  Number (e) and 
phenotype (f) of gBT-I cells isolated from the brachial tumour-draining LN. (g, h) Number of total 
gBT-I cells or gBT-I TRM cells isolated from HSV skin (g) or peritumoural skin (h). (i, j) Pheno-
type of gBT-I cells from peritumoural skin of mice bearing escaped or controlled tumours. (k, l) 
Number of gBT-I cells isolated from total tumour tissue (k) or per mm3 of tumour tissue (l). (m, 
n) Phenotype of gBT-I cells from tumours. (o) GFP expression by B16.gB cells isolated from 
mice bearing controlled or escaped tumours and analysed immediately after harvest (harvested, 
har) or passaged several times in vitro (cultured, cul). Data is pooled from 3 experiments with 
3-5 mice per group per experiment. *p <0.05, **p <0.01 two-tailed Mann Whitney test. n.s.; not 
significant. Bars represent the mean. Esc; escaped tumour, ctrl; controlled tumour.
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bearing escaped tumours exhibited higher expression of the T cell exhaustion 
marker PD-1 than mice harbouring controlled tumours (Fig 6.2f), which may have 
reflected increased metastatic tumour burden in LNs of mice bearing larger 
tumours. Ultimately, differences in the frequency or quality of the peripheral anti-
tumour T cell responses in SLOs did not appear to correlate with tumour control 
or relapse after HSV infection. Similar numbers of total gBT-I cells and gBT-I TRM 
cells were found to localise to both HSV-infected and peritumoural skin of mice 
bearing controlled and escaped tumours (Fig 6.2g-h). In addition, skin-infiltrating 
gBT-I cells from either group had similar expression of the TRM cell surface 
markers CD69 and CD103, as well as PD-1 (Fig 6.2i, j). Collectively, these 
findings indicated that differences in the peritumoural TRM cell response could not 
account for observed variations in the time taken for tumours to regain 
progressive growth following viral infection.  
 
We next analysed the frequency and phenotype gBT-I TIL localising to the tumour 
mass in mice bearing controlled or escaped tumours following HSV infection. 
Similar numbers of gBT-I TIL were isolated from controlled and escaped 
melanomas when assessing total T cells in each tumour (Fig 6.2k). However, 
escaped tumours were inevitably larger than controlled tumours at the time of 
organ harvest (Fig 6.2b). We therefore normalised for differences in melanoma 
size by comparing the numbers of gBT-I TIL per unit of tumour volume. This 
analysis revealed a higher density of gBT-I TIL localised to tumours experiencing 
prolonged control by comparison with tumours undergoing early escape (Fig 
6.2l). HSV-generated gBT-I TIL from controlled and escaped tumours expressed 
similar amounts of CD69, but higher levels of PD-1 were observed on gBT-I TIL 
isolated from escaped tumours (Fig 6.2m, n). Together, these findings implied 
that a lower density of gBT-I TIL in the tumour mass and a higher proportion of 
possibly functionally exhausted TIL may promote early relapse of e.c. inoculated 
melanomas that had initially been susceptible to infection induced control. 
 
Another factor that might permit escape of e.c. B16.gB from HSV-provoked 
immune control is the generation, immunoselection and overgrowth of antigen-
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loss variants. We therefore compared GFP fluorescence intensity as a surrogate 
indicator of gB expression by B16.gB cells from controlled or escaped tumours, 
either on the day of melanoma harvest or following multiple passages in vitro. We 
found that B16.gB cells isolated from HSV infected mice and analysed directly ex 
vivo following harvest had partially downregulated GFP expression (Fig 6.2o). 
However, B16.gB cells reliably regained expression of GFP after short-term in 
vitro culture, implying that the observed reduction in antigen expression was 
either epigenetically or transcriptionally regulated. Nevertheless, the vast majority 
(>80%) of B16.gB cells retained GFP and therefore antigen expression in vivo, 
irrespective of whether they were isolated from controlled or escaped tumours, 
and no differences in the extent of in vivo GFP expression intensity were 
observed between groups on the day of harvest (Fig 6.2o). These findings 
suggested that e.c. B16.gB melanoma escape from immune-cell mediated 
control following HSV tumour vaccination was more likely to be due to local 
immunosuppression or loss of melanoma-infiltrating T cells than to cognate 
antigen downregulation or changes in the tumour epitope landscape. 
 

6.2.3 HSV induced B16.gB regression is an antigen specific effect 
 
Our experiments combining e.c. inoculated B16.VC and B16.OVA cells with 
concurrent HSV challenge suggested that tumour regression triggered by viral 
infection was antigen specific (Fig 6.1b). However, the growth kinetics of these 
alternate cell lines differed somewhat from that of B16.gB, and it therefore 
remained possible that B16.VC or B16.OVA tumours simply failed to regress 
because they grew more aggressively. To validate antigen specificity of tumour 
regression whilst controlling for differences in B16 cell growth kinetics, we 
inoculated B6.CD45.2 mice with B16.OVA e.c. and monitored them for tumour 
growth. Mice developing palpable tumours were transferred naïve OT-I.CD45.1 
cells prior to infection with HSV-OVA or HSV-KOS on the opposing flank (Fig 
6.3a). In this scenario, regression of B16.OVA tumours would be expected to 
occur following infection with HSV-OVA but not the irrelevant HSV-KOS strain if 
cognate antigen recognition is required. Indeed, B16.OVA tumours continued to  



Figure 6.3 HSV-induced regression is an antigen-specific effect. (a) Experimental sche-
matic. B6.CD45.2 mice were transferred 5 x 104 naive OT-I.CD45.1 cells i.v. and inoculated 
with 1 × 105 B16.OVA cells on the left flank. Mice developing macroscopic melanoma were 
infected with either HSV-KOS or HSV-OVA on the right flank and tumour growth monitored 
over time. (b) Pooled growth kinetics of B16.OVA tumours following infection protocol 
described in (a). (c, d) Expression of GFP by B16.OVA tumours on the day of organ harvest 
(harvested) or following continuous passage in culture (d). B16.OVA parent; B16.OVA cell line 
cultured in vitro without transfer to mice. Data are pooled from 2 experiments with 5-6 mice per 
group per experiment (b) or from 1 experiment with 3-4 tumours per group (c, d).
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grow progressively following HSV-KOS infection but were found to regress briefly 
following HSV-OVA infection (Fig 6.3b), confirming that HSV-triggered tumour 
control is antigen specific. However, B16.OVA regression induced by HSV-OVA 
infection was exceedingly short-lived by comparison with that observed for 
B16.gB tumours following HSV-KOS infection (Fig 6.1c) and B16.OVA tumours 
recommenced progressive growth almost immediately following infection 
resolution (Fig 6.3b). 
 
Like the B16.gB cell line, B16.OVA cells express both the full-length OVA 
protein and GFP simultaneously and under the control of the same promoter. 
We therefore analysed GFP expression by B16.OVA cells isolated from HSV-
OVA or HSV-KOS tumour-bearing mice on the day of harvest and following ex 
vivo culture as a proxy for OVA antigen expression. Surprisingly, we found that 
~50% of B16.OVA cells in the pre-inoculum were GFP–, suggesting that many 
B16 cells already lacked OVA expression before they were transferred to 
recipient mice (Fig 6.3c). Further analysis revealed that B16.OVA cells isolated 
from HSV-OVA infected mice had uniformly lost GFP and therefore likely OVA 
antigen expression, whereas B16.OVA cells from HSV-KOS infected mice 
continued to comprise a mix of GFP+ and GFP– cells (Fig 6.3c, d). Unlike 
B16.gB cells isolated from HSV-KOS infected mice, B16.OVA cells isolated 
from HSV-OVA infected mice did not regain GFP expression following ex vivo 
culture, suggesting that antigen loss was maintained more permanently and 
independently of immune-mediated pressure in the latter scenario (Fig 6.3d). 
 
Taken together, these findings implied that HSV-induced tumour regression was 
an antigen-specific phenomenon, and e.c. inoculated tumours could escape 
control following regression by various mechanisms. In some instances, reduced 
CD8+ T cell numbers, dampening of TIL activity and local immunosuppression 
appeared to account for the failure of peripheral tumour control induced by cancer 
vaccination. In other scenarios, immunoselection seemed to promote tumour 
escape in the face of an effective CD8+ T cell response. 
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6.2.4 Control of e.c. melanoma growth by ACT using in vitro activated 
effector CD8+ T cells 
 
Our findings thus far indicated that HSV infection could induce regression of 
established e.c. B16 tumours expressing shared antigens (Fig 6.1, 6.3). 
However, the extent to which active infection and a polyclonal anti-HSV immune 
response comprised of multiple immune cell types was required for this protective 
effect remained unclear. In addition, we wondered whether increasing the 
number of tumour-specific CD8+ T cells available to infiltrate the tumour bed might 
improve local cancer suppression. Results in Chapter 3 indicated that in vitro 
activated CD8+ T cells could infiltrate the established tumour microenvironment 
and give rise to peritumoural CD69+CD103+ TRM cells as well as abundant 
CD69+CD103– TIL. Here, we sought to determine whether these potently 
activated tumour-specific CD8+ T cells would be sufficient to control the growth 
of e.c. inoculated melanomas in tumour-bearing mice in a model of ACT. 
 
B6.CD45.2 mice were inoculated with B16.gB melanoma cells e.c. on the left 
flank and rested to allow macroscopic tumour development. Approximately 2-3 
weeks post-B16 cell transplant, mice developing palpable tumours were 
transferred 5-10 × 106 of in vitro activated gBT-I T cells and monitored for tumour 
growth. As a control, a separate group of mice was transferred in vitro activated 
non-tumour specific OT-I cells i.v. (Fig 6.4a). We found that B16.gB tumour 
growth appeared to be controlled in the majority of mice following gBT-I cell 
transfer (Fig 6.4b, c). However, the proportion of tumours that underwent 
regression, as defined by a progressive decrease in tumour volume over at least 
three consecutive days, was far lower in mice that received in vitro activated gBT-
I cells (Fig 6.4d) compared to mice coinfected with HSV (Fig 6.1d). Instead, 
injection of tumour-specific in vitro activated CD8+ T cells appeared to stunt and 
inhibit ongoing growth of e.c. inoculated B16 melanomas without triggering an 
initial reduction in tumour volume (Fig 6.4b). To account for this, we analysed the 
proportion of B16.gB tumours that were ‘controlled’ following in vitro activated 
CD8+ T cell transfer, defined as tumours that did not substantially increase in 
tumour volume for at least 4 consecutive days. Use of this threshold revealed that  



a

Figure 6.4 In vitro activated T cells suppress growth of established tumours in an 
antigen-specific manner. (a) Experimental schematic. B6 mice were inoculated with 1 × 105 
B16.gB cells e.c.. Approximately 2-3 weeks following e.c. inoculation, mice bearing macroscopic 
tumours were transferred 5-10 × 106 in vitro activated gBT-I or OT-I i.v. and tumour growth moni-
tored over time. (b) Growth of individual tumours before and after transfer of in vitro activated 
gBT-I or OT-I cells as described in (a). Purple colour indicates tumours from mice receiving gBT-I 
cells that regressed or were controlled and green colour indicates tumours that were not 
controlled for a notable or prolonged period of time. Black; OT-I cell recipients. (c) Pooled 
tumour growth over time from mice treated as described in (a) receiving gBT-I cells (purple) or 
OT-I cells (black). (d) Proportion of tumours from mice treated as described in (a) regressing 
after transfer of gBT-I cells (purple) or OT-I cells (black). (e) Proportion of tumours from mice 
treated as described in (a) that experienced no progressive net increase in volume for at least 4 
d following transfer of gBT-I cells (purple) or OT-I cells (black). Data are pooled from 4 experi-
ments with 3-14 mice per group per experiment (gBT-I cells) or from 1 experiment with 3 mice 
per group (OT-I cells). Error bars indicate SEM.
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delivery of in vitro activated gBT-I cells to B16.gB tumour-bearing mice induced 
tumour control in nearly all recipients by 7 d post-T cell transfer (Fig 6.4e). In 
contrast, tumours from mice that had received OT-I cells did not experience 
regression or prolonged control and continued to grow progressively despite T 
cell infusion (Fig 6.4b-e), suggesting that the anti-tumour activity of in vitro 
activated CD8+ T cells was antigen specific. Similar to results observed following 
concomitant HSV infection, e.c. B16.gB tumours were not completely eliminated 
from mice that received in vitro activated gBT-I cells and could relapse with 
variable kinetics following T cell transfer (Fig 6.4b). Together, these findings 
implied that injection of in vitro activated CD8+ T cells incites partial control of 
established tumours in a manner dependent on cognate antigen recognition. 
Remarkably, in vitro activated CD8+ T cells were relatively effective at protecting 
against e.c. inoculated tumour growth without requirement for additional extrinisic 
interventions such as lymphodepletion or cytokine supplementation, which must 
usually be combined with ACT to initiate control of subcutaneous B16 melanomas 
(493, 563). 
 

6.2.5 Surface expression of immune checkpoint molecules by steady state 
and peritumoural skin TRM cells 
 
Studies in mice indicate that TRM cells isolated from the skin and central nervous 
system express heightened levels of immune checkpoint molecules including PD-
1 and CTLA-4 by comparison with circulating cells at the RNA level (179, 214). 
Similarly, TRM cells found within human tumours display high levels of inhibitory 
checkpoint molecule transcripts (240, 477), leading to speculation that TRM cell 
functionality may be enhanced by immune checkpoint blockade therapies. 
However, TRM cell expression of immune checkpoint molecules at the surface 
protein level appears more variable, especially at the steady state. For instance, 
skin TRM cells generated following skin infection or localising to vitiligo lesions, 
and gut TRM cells primed by LCMV infection apparently express negligible levels 
of PD-1 on their surface (151, 157, 191). Surface expression of inhibitory 
checkpoint proteins would be a necessity for TRM cells to represent viable targets 
of immune checkpoint blockade therapies.  



 205 

 
Therefore, we first confirmed the expression of a variety of surface inhibitory 
molecules by skin-localising TRM cells under resting or steady state conditions by 
analysing gBT-I TRM cells generated by in vitro activated cell transfer and DNFB 
treatment or following HSV infection. Skin TRM cells generated by either method 
were found to constitutively express increased levels of immune checkpoint 
molecules on their surface by comparison with splenic T cells, including clinically 
relevant molecules such as CTLA-4, LAG-3, PD-1 and TIM-3 (Fig 6.5a, b). 
Notably, no difference in expression of inhibitory molecules was observed 
between DNFB-lodged or HSV-generated skin TRM cells, implying that TRM cell 
expression of these markers is independent of in situ antigen recognition history 
or ongoing stimulation (Fig 6.5b).  
 
Findings in Chapter 3 indicated that both TRM cells and CD69+CD103– T cells 
derived from in vitro activated CD8+ effectors and localising to peritumoural skin 
of e.c. inoculated tumours expressed heightened levels of inhibitory and 
activation molecules such by comparison with circulating T cells at a 
transcriptional level (Fig 3.15). More than 30 d following concurrent HSV 
infection, we compared surface expression of select inhibitory molecules by 
CD69+CD103+ gBT-I TRM cells and CD69+CD103– skin gBT-I cells generated in 
tumour-bearing mice. Peritumoural TRM cells expressed higher levels of the T cell 
proliferation inhibitor CD101 (871) and inhibitory molecule CD244 (872, 873) by 
comparison with CD103– skin-localising and tumour-residing T cells (Fig 6.5 c, 
d). Expression of CD101 was slightly higher in TRM cells isolated from 
peritumoural skin by comparison with those found in resolved HSV lesions from 
the same mouse, whereas the reverse was true for CD244 (Fig 6.5 d). 
 
In contrast, the exhaustion-associated molecule PD-1 was most highly expressed 
by CD69+CD103– cells infiltrating the tumour mass (Fig 6.5 d), and was 
expressed at increased levels by peritumoural CD69+CD103– cells by 
comparison with skin-localising TRM cells or CD69–CD103– cells (Fig 6.5 c). 
However, peritumoural CD69+CD103+ skin TRM cells still expressed more surface  



Figure 6.5. Surface expression of inhibitory checkpoint molecules by TRM cells at steady 
state and in peritumoural skin. (a) Expression of indicated surface molecules by skin TRM 
cells generated by i.v. transfer of in vitro activated gBT-I.Thy1.1 cells and DNFB treatment com-
pared to CD8+ splenic TCIRC cells more than 30 d following cell transfer. (b) Mean fluorescence 
intensity (MFI) of expression of indicated surface molecules by skin gBT-I.Thy1.1 TRM cells 
generated following DNFB treatment or by HSV infection compared to splenic cells at d 30 post 
manipulation. (c, d) B6.Thy1.2 mice were inoculated with 1 × 105 B16.gB cells e.c. on the left 
flank. Mice developing macroscopic melanoma were transferred 5 × 104 gBT-I.Thy1.1 cells and 
infected with HSV-KOS on the right flank. gBT-I.Thy1.1 cells were isolated from peritumoural 
skin, the tumour mass or HSV-infected skin > 30 d post-HSV infection. (c) Expression of indici-
ated surface molecules by gBT-I.Thy1.1 cells isolated from peritumoural skin. (d) Geometric 
MFI  (gMFI) of expression of indicated surface molecules by gBT-I.Thy1.1 cells isolated from 
HSV-lesional (HSV) or peritumoural (Peritum) skin or from the tumour mass (Tumour). Data are 
pooled from 2 experiments with 3-4 mice per group per experiment (a, b) or are from 1 experi-
ment with 5 mice (c, d). N.s.; not significant, Mann Whitney test. Bars represent the mean.
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PD-1 than skin-tropic CD69+CD103– cells derived from the circulation (Fig 6.5 c). 
Interestingly, TRM cells from peritumoural skin and resolved HSV lesions 
displayed similar surface expression of PD-1 (Fig 6.5 d). These findings implied 
that tumour-localising T cells with differential CD103 expression displayed 
heterogeneous inhibitory molecule expression even when they were uniformly 
CD69+, and emphasised the importance of distinguishing between putative 
CD69+ ‘TRM-like’ cellular subsets in the tumour microenvironment when profiling 
the checkpoint molecule phenotype of CD8+ T cells.  
 
In sum, both steady-state and peritumoural TRM cells forming in the e.c. 
melanoma microenvironment upregulated surface expression of various 
inhibitory molecules at the protein level, implying that these cells may represent 
primary targets of antibody-mediated immune checkpoint blockade therapies. 
However, TIL and skin-localising CD69+CD103– often expressed higher levels of 
inhibitory molecules such as PD-1, suggesting that these cells were also likely 
targets of antibody-mediated checkpoint blockade therapy.  
 

6.2.6 Expression of inhibitory checkpoint molecules and their ligands in 
the unmanipulated e.c. melanoma microenvironment 
 
In order to be susceptible to checkpoint blockade therapies, tumours must 
present with an immune cell inflamed phenotype characterised by immune cell 
infiltration, activation and exhaustion (694, 874, 875). Expression of many 
inhibitory checkpoint molecules and ligands is driven by immune effector 
molecules such as IFNγ (837, 876). Our experiments thus far had utilised 
adoptively transferred or HSV-primed gBT-I cells to generate peritumoural TRM 
cells and CD69+ TIL. We next analysed expression of inhibitory checkpoint 
molecules and their ligands in e.c. melanomas from mice that had not been 
treated with ACT or concurrently infected with HSV, and that were therefore less 
likely to bear T cell inflamed tumours. To this end, mice were inoculated with 
B16.gB e.c. and monitored for tumour progression. Melanomas and peritumoural 
skin were isolated from mice developing macroscopic tumours and skin 
corresponding to the prior inoculation site was harvested from nondeveloper mice 
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and total RNA extracted from bulk tissues for analysis. Skin from naïve mice was 
also taken to determine the expression of inhibitory molecules and their ligands 
at baseline. Expression of Pdcd1 (encoding for PD-1) was increased in the 
tumour mass by comparison with untreated naïve skin (Fig 6.6a). In contrast, 
although Lag3 was expressed in both the tumour mass and peritumoural skin, 
this was not at levels above those observed in steady state naïve skin (Fig 6.6 
a). 
 
Whilst tumour-localising CD8+ T cells expressed a variety of immune checkpoint 
molecules that may reflect T cell dysregulation (Fig 3.6 and Fig 3.15), these 
molecules must ligate their cognate receptors in the tumour landscape in order 
to negatively regulate T cell activity. We therefore analysed whether ligands of 
common inhibitory molecules expressed by tumour localising T cells were also 
expressed within the e.c. melanoma microenvironment. Cd274 (PD-L1, a ligand 
of PD-1) and H2Ab1 (MHCII, a ligand of Lag3) were all expressed in e.c. tumours 
and adjacent peritumoural skin, with the expression of Cd274 appearing highest 
in the tumour mass itself compared to peritumoural or steady state skin (Fig 6.6 
b). Thus, cells in the e.c. tumour microenvironment expressed high levels of 
inhibitory molecules including PD-1 and their corresponding ligands including PD-
L1, which we theorised might render e.c. melanoma responsive to canonical 
checkpoint blockade inhibitors.  
 

6.2.7 Checkpoint blockade therapy does not appreciably impact e.c. 
melanoma growth kinetics in otherwise untreated mice 
 
Combination treatment with anti-PD-1 and anti-CTLA-4 targeting antibodies has 
been shown to improve survival outcomes in patients bearing solid tumours 
including metastatic melanomas, even when these cancers were previously 
untreated (702, 877). However, administering anti-PD-1 and anti-CTLA-4 
antibodies to mice in the absence of additional immunotherapeutic strategies 
such as ACT or cancer vaccination negligibly affects the growth of 
subcutaneously implanted B16 melanomas (664, 878). These therapies are most 
effective when pre-existing responsive CD8+ T cells are present within the tumour  



Figure 6.6 Expression of inhibitory checkpoint molecules and their ligands in the e.c. 
melanoma tumour microenvironment. B6 mice were inoculated with 1 × 105 B16.gB cells e.c.. 
Macroscopic tumours and peritumoural skin or macroscopically tumour-free skin was harvested 
from developer and nondeveloper mice in conjunction with untreated skin from naive mice total 
tissue gene expression analysed by qPCR. (a) Expression of indicated inhibitory receptors in 
each site compared to the housekeeping genes Hprt and Gapdh. (b) Expression of indicated 
ligands (corresponding to above receptor) in each site compared to the housekeeping genes 
Hprt and Gapdh. Data are pooled from 2 experiments with 15 B16.gB inoculated mice and 4 
naive mice per group per experiment. * p< 0.05, n.s.; not significant, Mann Whitney test. Bars 
represent the mean. RE; relative expression. Pdcd1 encodes PD-1, Lag3 encodes LAG-3, 
Cd274 encodes PD-L1, H1ab1 encodes MHCII.
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microenvironment (411, 879), and subcutaneous B16 melanoma usually fails to 
stimulate a profuse or effective CD8+ T cell response (547, 880, 881). Given that 
TIL and peritumoural CD69+CD103+/– cells expressed high levels of PD-1 and 
CTLA-4 by comparison with circulating T cells (see Fig 3.15), we attempted to 
determine whether anti-PD-1 and anti-CTLA-4 antibody therapy would act upon 
tumour localising T cells to oppose the growth of e.c. inoculated melanoma. 
 
To this end, we transferred naïve gBT-I.CD45.1 cells to B6.CD45.2 recipient mice 
that were e.c. inoculated mice with B16.gB cells. We then commenced systemic 
treatment with both anti-PD-1 and anti-CTLA-4 monoclonal antibodies or with 
PBS as a control either one week (at the time of T cell priming) or two weeks (at 
the time of T cell tumour infiltration and TRM cell establishment) after inoculation. 
We continued to treat mice with anti-PD-1 and anti-CTLA-4 antibodies every 3 d 
for the duration of experiments (Fig 6.7 a). 
 
We found that slightly fewer mice treated with anti-PD-1 and anti-CTLA-4 
antibodies from 7 d post-inoculation developed macroscopic tumours by 
comparison with PBS treated mice, although this difference was ultimately 
nonsignificant (Fig 6.7 b). No apparent differences in tumour growth kinetics were 
observed between antibody-treated or PBS treated mice (Fig 6.7 c). Similarly, 
treating mice with checkpoint blockade inhibitors from 14 d post-tumour 
inoculation did not appear to affect tumour penetrance or tumour growth kinetics 
(Fig 6.7 d, e). Consistent with this, no differences in the abundance or activation 
phenotype of tumour-primed SLO-residing gBT-I cells, gBT-I skin TRM cells or 
tumour-residing T cells could be identified between mice receiving checkpoint 
blockade therapy or PBS from 7 d post-melanoma inoculation (Fig 6.7 f-j). 
Additionally, B16.gB melanoma cells from both checkpoint blockade treated and 
PBS treated mice retained GFP and therefore likely antigen expression in 
developer mice (Fig 6.7 k). Similar results were also obtained in mice treated with 
anti-PD-1 and anti-CTLA-4 therapy from 14 d post-tumour inoculation (data not 
shown). Collectively, these findings suggested that anti-PD-1 and anti-CTLA-4 
treatment had no appreciable impact on T cell accumulation and persistence or  



Figure 6.7. Checkpoint blockade treatment does not appreciably impact e.c. B16.gB mela-
noma development. (a) Experimental schematic. B6.CD45.2 mice were transferred 105 
gBT-I.CD45.1 cells i.v. then challenged with 1 × 105 B16.gB e.c.. From 7 or 14 d post-inoculation, 
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on e.c. melanoma growth in the absence of additional immunotherapeutic 
interventions.  
 

6.2.8 Checkpoint blockade therapy does not influence tumour growth 
kinetics during concurrent HSV infection 
 
Combining cancer vaccination with PD-1 and CTLA-4 targeted therapies has 
been shown to elicit optimal tumour control and increase the potential for 
complete tumour eradication above what can be achieved with either therapy 
alone (664, 878, 882).  We therefore assessed whether antibody mediated 
blockade of PD-1 and CTLA-4 would increase control of e.c. inoculated 
melanoma induced by concomitant HSV infection. Mice were transferred naïve 
gBT-I.CD45.1 cells e.c. then inoculated with B16.gB e.c. on the left flank and 
monitored for macroscopic tumour development. Mice that developed palpable 
tumours were subsequently infected with HSV-KOS on the opposing right flank 
and systemically administered either anti-PD-1 and anti-CTLA-4 combination 
therapy or PBS as a control from d 0 post-infection. Mice continued to receive 
anti-PD-1 and anti-CTLA-4 antibodies every 3 d for the duration of experiments 
(Fig 6.8 a). 
 
We found no differences in the frequency or extent of tumour regression or in the 
time taken for tumours to relapse between anti-PD-1/anti-CTLA-4 and PBS 
treated mice following HSV infection (Fig 6.8 b, c). Consistent with this, analysis 
of the gBT-I.CD45.1 cell response in SLOs from treated or untreated mice 
revealed tumour-specific CD8+ T cells were equally abundant and displayed a 
similar activation profile between groups (Fig 6.8 d, e). Intriguingly, slightly lower 
numbers of gBT-I TRM cells were observed to accumulate specifically in 
peritumoural skin of anti-PD-1/anti-CTLA-4 treated mice, even though similar 
numbers were found in resolved HSV lesional skin (Fig 6.8 f). These findings 
implied that prolonged blockade of PD-1 and/or CTLA-4 from the time of T cell 
priming may differentially regulate TRM cell formation in tissue sites harbouring 
persistent antigen or inflammation by comparison with sites from which infection 
is efficiently cleared, however larger sample sizes will be required to confirm the  



Figure 6.8. Checkpoint blockade treatment does not appreciably impact HSV-induced 
regression of e.c. B16.gB melanoma. (a) B6.CD45.2 mice were transferred 7-7.5 x 105 naive 
gBT-I.CD45.1 or gBT-I.Thy1.1 cells and inoculated with 1 × 105 B16.gB cells e.c. on the left 
flank. Mice developing macroscopic tumours were infected with HSV-KOS on the right flank and 
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legitimacy of this phenomenon. In contrast, we observed no considerable 
differences in the number of gBT-I TIL isolated from the tumour mass of treated 
compared to untreated mice (Fig 6.8 g). As anticipated, B16.gB cells were found 
to maintain similar GFP and therefore apparent antigen expression in both 
treatment groups (Fig 6.8 h). These findings ultimately suggested that 
combination anti-PD-1 and anti-CTLA-4 checkpoint blockade therapy negligibly 
impacted e.c. B16 melanoma control, even in the context of infection-induced 
tumour regression. 
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6.3 Discussion 
 
In most conventional B16 melanoma models, extensive pre-treatment 
interventions such as radiation or Treg cell depletion therapy are often necessary 
to enable durable tumour regression following cancer vaccination or ACT (191, 
262, 563, 883, 884). Further, many human epithelial cancers generate an anti-
tumour TRM cell response associated with improved patient outcome (240, 454, 
473, 477, 478), indicating that TRM cell formation within the tumour 
microenvironment is clinically relevant. However, our ability to assess a potential 
role for TRM cells in therapeutic contexts has been hindered by the disinclination 
of activated CD8+ T cells to form CD103hi TRM cells in the ectopic cancer 
microenvironment and to control tumour outgrowth long-term (262, 287). Here, 
we show that substantial regression or control of established e.c. melanoma can 
be induced by concurrent cross-reactive viral infection or transfer of in vitro 
activated tumour-specific CD8+ T cells in the absence of additional 
immunomodulation. Importantly, both concomitant HSV infection and ACT led to 
the generation of abundant CD69+CD103+ peritumoural TRM cells in mice bearing 
palpable e.c. tumours. Hence, our e.c. melanoma model provides a unique 
opportunity to study the function of TRM cells during immunotherapy. 
 
B16.gB tumour suppression could be catalysed by either HSV infection or 
activated T cell transfer, but was most effectively achieved following the former. 
Whereas HSV infection induced prominent regression of established tumours, 
CD8+ T cell transfer typically only led to stagnation tumour growth, without a 
substantial reduction in tumour volume. The ability of viral infection to engender 
more auspicious control most likely reflects priming of a full polyclonal response 
involving multiple cell types including CD4+ T cells and B cells that contribute to 
tumour suppression. Although we have demonstrated that peritumoural TRM cells 
form in the e.c. melanoma microenvironment following simultaneous HSV 
infection and adoptive cell therapy, abundant CD69+CD103- TIL are also 
generated, and the extent to which the durability of the control we observe 
actually depends upon tumour-specific TRM cell differentiation remains to be 
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determined. Our data indicates that lower densities of TIL or an increase in 
expression of PD-1 by TIL within the tumour bed was associated with tumour 
escape, whereas TRM cell numbers were similar between controlled and escaped 
tumours. A higher dependency on TIL for ACT-induced regression is supported 
by studies indicating that initial phases of tumour control are apparently executed 
by T cells that penetrate deep into the tumour bed (826, 885). Similarly, the total 
density of TIL within human tumours is an important correlate of cancer 
suppression (703, 886, 887). However, we cannot rule out that TRM cells 
surrounding escaped tumours have not undergone phenotypic and functional 
changes beyond the parameters assessed here that may have also contributed 
to a loss of tumour control.  
 
Although regression or control of palpable tumours was observed in the majority 
of HSV infected and ACT treated mice, neither treatment led to complete 
elimination and melanomas eventually escaped immune control. Temporary 
tumour control followed by eventual relapse is a typical outcome after ACT 
treatment of murine melanomas (685, 888-890) as well as human tumours (675, 
891), and reflects acquired resistance to T cell mediated therapy. Resistance and 
cancer escape could result from the generation of antigen-loss or modified cancer 
cell variants (888) or from gradual loss of T cell function (892, 893). Our findings 
suggest that either outcome is possible following ACT of e.c. B16 melanoma 
depending on the phenotype and properties of cancer cells. Whereas B16.OVA 
tumours easily lost antigen expression following T cell therapy, B16.gB cells 
mostly retained antigen expression in both controlled and escaped tumours, 
although we cannot rule out that the latter cell line may downregulate components 
of the MHCI antigen presentation pathway. Instead, CD8+ tumour-specific T cells 
localising to the skin draining LN or tumour mass of mice bearing relapsed 
B16.gB tumours displayed elevated PD-1 expression, suggestive of acquired T 
cell dysfunction that may have enabled tumour escape. However, it is important 
to note that PD-1 expression is typically insufficient to definitively denote T cell 
exhaustion when considered in isolation (133, 894, 895), and a more rigorous 
assessment of the full complement of inhibitory and costimulatory molecules 
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expressed by TIL following ACT of e.c. melanomas or functional assays may 
provide greater insight into the changes in T cells that encourage escape in our 
model. In any case, these differences highlight that individual cancer cells 
subjected to a similar treatment protocol and residing within the same tissue 
compartment can engage radically different mechanisms of escape in the face of 
similar selective immune pressures. Some neoantigens are lost more easily than 
others, resulting in a shortening of the temporal window during which T cell 
mediated equilibrium is effectively maintained. It would be interesting to test 
whether the durability and nature of HSV-stimulated or ACT-induced anti-tumour 
control is altered when T cells are directed towards antigens that are either 
absolutely required or dispensable for cancer cell survival. 
 
Molecular requirements for cancer suppression following T cell or vaccination 
therapy vary greatly depending on the route of tumour inoculation and the type 
of tumour cell used (365, 551, 553, 554, 571, 580). Our findings indicated that 
tumour-specific CD8+ T cell derived IFNγ was unlikely to be required for the 
induction or maintenance of tumour regression in our mimic cancer vaccination 
model. This notion is consistent with the observation that global deficiencies in 
IFNγ are inconsequential to e.c. melanoma progression in untreated mice, as 
well as studies suggesting that TNF rather than IFNγ and perforin is more 
stringently required for B16 melanoma regression (553, 571, 580). 
 
Here, we have also demonstrated that skin TRM cells express a variety of 
inhibitory checkpoint molecules including PD-1, CTLA-4, LAG-3 and TIM-3 at the 
protein level in the steady state, and that expression of these molecules is 
independent of local antigen recognition or persistence. Whilst TRM cells are 
reported to express elevated levels of transcripts encoding inhibitory molecules 
such as PD-1 and CTLA-4 when compared to their circulating counterparts (179, 
214, 240), prior studies indicated that viral or tumour-induced skin TRM cells do 
not typically express molecules such as PD-1 at the protein level (157, 191). Such 
discrepancies might reflect differences in staining efficiency following 
nonidentical enzymatic skin digestion or staining protocols or in the methods used 
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to induce skin TRM cells. Surface expression of multiple inhibitory molecules by 
resting skin TRM cells may serve to restrain undesirable effector function in the 
absence of pathogenic threat and preclude unwanted tissue pathology. Given 
that skin TRM cells constitutively express immune checkpoint molecules 
independently of antigen stimulation, tumour-localising TRM cells may retain 
responsiveness to checkpoint blockade even after the antigens they recognise 
are lost as a consequence of genetic instability and immune selection. Indeed, 
nonspecific or ‘bystander’ TRM cells are abundant within the tumour 
microenvironment, and also express high levels of PD-1 and other costimulatory 
molecules (476, 868). Stimulation of bystander TRM cells can induce recruitment 
and activation of innate cells and antigen-specific T cells to accomplish 
widespread anti-pathogen immune protection (49, 50). In a similar fashion, 
targeted reactivation of nonspecific or antecedent TRM cells found within tumours 
may permit cross-protective and durable anti-cancer responses despite antigenic 
evolution. Since these cells constitutively express inhibitory molecules, 
checkpoint blockade therapies might augment their functions to improve 
bystander cancer control. 
 
Like steady-state skin TRM cells, peritumoural skin TRM cells also expressed 
inhibitory checkpoint and costimulatory molecules at the surface protein level. 
However, CD69+CD103– skin T cells and TIL displayed higher surface expression 
of PD-1 than their peritumoural CD69+CD103+ TRM counterparts. Thus, both 
tumour-localising TRM and non-TRM cell populations could be expected to respond 
to checkpoint blockade therapy in our model. However, the intermediate 
expression of checkpoint molecules by skin TRM cells compared to TIL indicates 
that these cells may have a reduced threshold for activation that could potentially 
render this population more sensitive to checkpoint blockade. Indeed, skin TRM 
cells can protect against viral challenge despite expression of multiple inhibitory 
molecules at rest (198) and our results in Chapter 3 indicated that CD69+CD103- 
TIL acquire a more extensive molecular exhaustion or dysfunction signature by 
comparison with peritumoural TRM cells. 
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In many cases, tumour-localising CD8+ T cells are sufficient to induce cancer 
control in the absence of TCIRC cell infiltration subsequent to checkpoint blockade 
therapy (637, 646, 706). Furthermore, the frequency of pre-existing T cells within 
the tumour microenvironment predicts the success of checkpoint blockade 
treatment in human patients (694, 703). These findings imply that pre-existing 
tumour TRM cells might serve as preferential targets of inhibitory checkpoint 
blockade, however this concept has yet to be formally demonstrated. Given that 
tumour-primed and HSV-generated peritumoural TRM cells expressed a variety of 
immune checkpoint molecules, we aimed to address this possibility using the e.c. 
melanoma model. However, we found that immune control of e.c. melanoma was 
not improved by anti-PD-1/anti-CTLA-4 combination checkpoint therapy, even 
when the anti-tumour immune response was boosted by viral stimulation. This 
finding was somewhat surprising given that growth of s.c. B16 melanomas 
expressing the SIY antigen can be suppressed by anti-PD-1/anti-CTLA-4 therapy 
(637). Resistance in our model might reflect a number of limitations. Firstly, the 
antibodies may have failed to effectively penetrate the epithelium and tumour site 
following systemic administration. In support of this notion, the ability of antibody-
mediated checkpoint blockade to effectively suppress cancer growth varies for 
the same tumour transplanted to different tissue compartments, with pulmonary 
tumour cells more easily controlled than the same tumour cell line injected s.c. 
(896). Alternatively, the frequency with which antibodies were delivered may have 
been insufficient to effectively activate anti-tumour CD8+ T cells. More efficient 
suppression may therefore be achieved following i.d. local antibody 
administration or with a more regular dosing schedule. Alternatively, the particular 
checkpoint molecules we chose to target here may have been suboptimal for anti-
tumour TRM cell activation, T cell invigoration and tumour control. Combining PD-
1 blockade with antibodies targeting alternate inhibitory receptors that are also 
expressed by TRM cells such as TIM-3, LAG-3 or TIGIT may prove more effective. 
Additionally, targeting costimulatory molecules expressed by TRM cells such as 
4-1BB may synergise with checkpoint blockade strategies to prompt e.c. 
melanoma suppression, as combination anti-4-1BB and checkpoint therapy has 
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proven effective to improve control of tumours including B16 melanoma by 
tumour-localising T cells (646, 897, 898). 
 
Lastly, the resistance to checkpoint blockade therapy we observed here might 
reflect suboptimal timing of antibody treatment and unanticipated effects on 
memory T cell or TRM cell differentiation or function. In our experiments combining 
checkpoint blockade therapy with concurrent HSV infection we commenced 
antibody treatment on the same day as viral challenge. Genetic deficiency of PD-
1 has been shown to skew developing CD8+ T cells towards a terminal effector 
rather than long-lived TCM cell fate during chronic viral infection (247, 899). 
Conversely, antibody-mediated blockade of PD-1 at the time of T cell priming 
during acute infection promotes MPEC differentiation (246). Our results 
suggested that TRM cell formation may be less efficient in the context of anti-PD-
1/anti-CTLA-4 blockade when antigen presentation and inflammation are 
sustained, although further studies with larger sample sizes will be necessary to 
confirm these findings. The impact of PD-1 signalling on skin TRM cell 
differentiation is currently unclear. Whilst Enamorado et al. argued that anti-PD-
1 therapy tended to enhance the proportion of TRM phenotype cells within the 
melanoma microenvironment, their study only considered expression of CD69, 
which doubles as an activation marker as well as a potential indicator of residency 
(287). Others have shown that fewer TRM cells develop in the CNS of mice lacking 
PD-1:PD-L1 signalling during chronic MCMV infection (244, 900). Both T cell 
proliferation (901) and broadening of the T cell repertoire via neoantigen release 
with ensuing de novo T cell priming (705) are important to augment the anti-
tumour immune response following checkpoint blockade therapy, and fresh TRM 
cell development may be necessary to ensure durable cancer control following 
treatment. It will therefore be important to elucidate the potential impact of 
continuous checkpoint blockade treatment on the efficiency of TRM cell 
development within the tumour microenvironment.    
 
In sum, we have developed and characterised a mimic cancer vaccination and 
ACT therapy protocols that generate peritumoural TRM cells and induce effective 
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immune-mediated control of established orthotopic melanomas. In addition, our 
work provides a platform through which the response of anti-tumour TRM cells to 
combinatorial checkpoint blockade therapies and the frequency with which 
tumours enter into equilibrium or are completely eliminated could be examined 
and visualised in real-time using intravital imaging techniques. Future work 
should elucidate the relative contributions of peritumoural TRM cells versus TCIRC 
cells or CD103– TIL following immunotherapy and examine the mechanisms 
through which TRM cells might induce tumour control.   
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Chapter 7: General discussion and conclusions 
 
 
7.1 Opening remarks 
 
Whilst epithelial tissue layers represent the most common origins of malignancy, 
the rate at which clinically overt epithelial derived cancers develop is far lower 
than expected accounting for the rate of cell turnover and inherent genomic 
instability (902). At least in part, this discrepancy is thought to be a consequence 
of effective spontaneous immune control of developing cancerous cells. Natural 
immune surveillance of cancer is achieved through immunoediting, whereby 
immune cells can either recognise destroy tumour cells in a process termed 
elimination, or suppress tumour outgrowth without completely eradicating cancer 
cells in a process known as equilibrium (326). Induction and maintenance of 
cancer-immune equilibrium is known to depend on adaptive immunity (385) but 
the precise immune cell subsets involved in this process are ill defined. In the 
absence of acute inflammation the overwhelming majority of circulating memory 
CD4+ and CD8+ TEM cells are excluded from the epithelium (156, 254). Despite 
this, epithelial derived cancers can be maintained asymptomatically in humans 
for decades (434, 441). These inconsistencies led us to question how cancers 
that derive from epithelial layers can be subject to long-term immune surveillance 
and enter into a state of tumour dormancy. 
 
Although TRM cells have now been shown to correlate with improved patient 
prognosis in a variety of human solid cancers (240, 454, 473, 474, 478) and to 
protect against tumour challenge when lodged prophylactically (191, 287, 449), 
the defined role that these cells play in spontaneous immune surveillance and 
the mechanisms through which they mediate cancer control previously remained 
unknown. Given that CD103+ TRM cells are found within epithelial compartments 
(149, 156, 172, 179), and provide superior protection against peripheral infections 
by comparison with TCIRC cells (146, 157), we theorised that TRM cells might 
mediate long-term spontaneous immune surveillance within peripheral tissue 
sites. To address this, we developed a novel orthotopic melanoma model that 
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allowed us to target cancer development to the outermost layers of the skin. 
Using this model, we demonstrated for the first time that TRM cells promote natural 
immunity to cancer by driving melanomas into a state of prolonged tumour-
immune equilibrium. 
 

7.2 Major findings of this thesis 
 
The major findings of this thesis are: 
 

1) E.c. melanoma inoculation is an orthotopic model of peripheral cancer 
development characterised by diverse disease outcomes mimicking those 
seen in humans: progressive tumour growth, stable or controlled tumours, 
dormant and subclinical cancer (tumour-immune equilibrium) and 
complete tumour eradication (Chapter 3 and 5). 

2) Similar to human solid cancers (240, 460, 477, 478), e.c. melanoma 
inoculation also elicits tumour-specific TRM cells that contribute to 
spontaneous immune surveillance and promote natural immunity to 
cancer in mice free of macroscopic tumour burden (Chapters 3). 
Therefore, this model provides a unique opportunity to study the role of 
TRM cells during tumorigenesis or in the context of cancer therapy (Chapter 
3, Chapter 4 and Chapter 6).  

3) Tumour-specific TRM cells are sufficient to protect against melanoma 
independently of TCIRC cells. TRM cells can also provide some degree of 
protection independently of accessory effector cells (Chapter 4). 

4) Tumour-specific TRM cells can execute cancer control by promoting 
melanoma-immune equilibrium. Ablating TRM cells from skin harbouring 
dormant and subclinical melanoma disease can break this equilibrium and 
trigger tumour outgrowth (Chapter 5). 
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7.3 E.c. melanoma as a model to study the role of TRM cells in cancer 
control 
 
CD103+ TRM cells regularly develop in human solid tumours where they correlate 
with improved disease outcomes (460, 472-474, 478). However, traditional 
transplantable tumour models including s.c. and i.d. B16 melanoma inoculation 
typically fail to generate substantial CD103+ TRM cells in the tumour 
microenvironment in the absence of immunomodulations such as pre-
immunisation or ACT regimes (191, 287, 448, 454), making it difficult to study 
their contribution to spontaneous tumour immune surveillance. In addition, these 
methods position tumour growth beneath the epithelial layer, resulting in 
extremely rapid cancer growth that fails to reflect the progression or kinetics of 
human disease (712). The substantial differences between traditional murine 
tumour models and the veracity of human cancer highlight the necessity of 
improved methods to study peripheral solid tumour immunity. This thesis has 
described and characterised a more realistic model of tumour development that 
commences within the superficial skin layers, is comparatively far more 
immunogenic than conventional inoculation approaches and importantly, is 
conducive to tumour-primed TRM cell formation that promotes cancer 
suppression. Strikingly, we have demonstrated that this e.c. method of melanoma 
inoculation leads to the establishment of microscopic melanoma-immune 
equilibrium that can be monitored through the use of sensitive PCR and intravital 
or bioluminescence imaging techniques. Dormant cells are sequestered 
specifically within the epithelium of the skin, providing a unique opportunity to 
identify the cells contributing to long-term immune surveillance of cancer in 
epithelial tissue compartments. Here, we show that spontaneous formation of TRM 
cells encourages tumour protection, and that these cells actively interact with 
occult melanoma cells in skin to promote tumour-immune equilibrium. 
 
Certainly, other immune cells that we have not focussed on in this work likely 
cooperate with TRM cells to promote long-term cancer suppression. Our 
experiments comparing tumour penetrance between Rag-2 x Il2rg–/– mice or 
Rag1–/– mice and their immunocompetent counterparts suggest that NK cells and 



 225 

ILCs may play a role in early immunoediting of e.c. melanomas, but that adaptive 
immune cells are required for overt cancer protection and therefore to establish 
long-term equilibrium. These findings are consistent with sarcoma studies (385) 
and ACT treated melanoma studies (799) that suggest NK cell depletion does not 
alter the tumour-immune equilibrium state. However, it remains possible that TRM 
cells activate or interact with NK cells or other innate cells during the equilibrium 
phase to carry out anti-tumour functions indirectly. Similarly, CD4+ T cells and 
CD8+ TCIRC cells may liaise with TRM cells to promote tumour-immune equilibrium. 
The functional contributions of these effector cells as well as APCs such as DCs 
and TAMs to the maintenance of the cancer-immune equilibrium state should be 
investigated in the future. In addition, e.c. inoculated melanoma begets 
metastases in skin-draining LN. The majority of human melanoma casualties 
result from metastatic rather than primary disease (903, 904) and dormant 
metastatic tumour cells can promote relapse (905). Given that TRM cells can also 
populate SLOs (165, 174, 177) and melanoma-specific TRM cells are regularly 
identified in metastatic melanoma lesions (460, 473), it will be interesting to 
determine if LN-resident TRM cells and TRM cells in distant tissues can also 
contribute to control of metastatic disease by maintaining tumour-immune 
equilibrium.  
 
One clinically relevant and outstanding question pertains to why some mice 
initiate an anti-tumour TRM cell response whereas others, particularly those 
developing progressively growing tumours, are devoid of skin TRM cells despite 
identical experimental treatment. Similarly, in humans, the degree of CD8+ TIL 
(906, 907) and TRM cell (473, 478) infiltration can vary drastically between 
patients. In addition to generating anti-tumour TRM cells within the tumour 
microenvironment, CD8+ T cells primed by e.c. inoculated tumours also gave rise 
to phenotypically and transcriptionally distinct CD103– TIL. This diverse 
heterogeneity in subsets of T cells localising to the tumour microenvironment 
echoes what has been demonstrated in multiple human cancers (141, 478, 908), 
where TRM cell frequency specifically and not bulk CD8+ T cell abundance can 
correspond to improved patient survival (473, 478).  Interrogating the factors that 
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predispose mice to develop protective anti-tumour TRM cells may provide clues 
as to why some patients manufacture an effective natural anti-cancer immune 
response but others do not, which could then be applied to enhance 
immunotherapies in patients. 
 

7.4 TRM cells can protect against melanoma in the absence of TCIRC cells 
and other immune cells 
 
In agreement with what has been shown following viral rechallenge (169, 198), 
we found that prophylactically lodged skin TRM cells could protect against 
melanoma progression in the absence of TCIRC cells. Although less potent, 
protection was also observed in NK cell and ILC deficient mice, implying that TRM 
cells can act autonomously and directly to enforce anti-tumour protection. Our 
findings support those of others (191, 287) that have shown pre-existing TRM cells 
to be sufficient to provide protection against i.d. injected B16 melanoma when 
infiltration of TCIRC cells is blocked by FTY720 treatment. Notably, our work 
extends this premise to a more physiologically relevant context, where tumour 
development is targeted to the skin epithelium rather than to the dermis, which is 
below the site of skin TRM cell residence. This difference may contribute to the 
very high protection against e.c. melanoma seen in our studies, compared to the 
slowing of tumour growth with eventual equivalent penetrance seen in other 
contexts (287). Importantly, we also show that TRM cells generated in response 
to the tumour itself rather than by viral pre-vaccination (287) or in the absence of 
additional immune interventions such as surgery and Treg cell depletion (191) are 
associated with protection against B16 melanoma, highlighting the anti-tumour 
role of TRM cells in natural cancer surveillance in addition to prophylactic 
protection. This is an important distinction, as pre-existing immune responses to 
a tumour would not be present during carcinogenesis in patients. 
 
Whereas Enamorado et al. (287) showed that TCIRC cells were sufficient to protect 
against i.d. B16 development following transfer to previously naïve mice, using a 
similar experimental setup we found that TCIRC cells alone might have been 
unable to protect against e.c. inoculated B16 melanoma. However, we found that 
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although TRM cells were sufficient to suppress melanoma growth, protection was 
somewhat enhanced when both TCIRC cells and TRM cells were both present. 
Thus, whereas Enamorado et al. (287) argued that TRM cells enhance TCIRC cell-
mediated anti-tumour responses, our data suggests that TCIRC cells serve largely 
to improve the efficiency of TRM cell-mediated protection. These apparent 
disparities in the relative contributions of TRM and TCIRC cells to tumour control are 
most likely a consequence of the different methods of B16 melanoma inoculation 
employed – i.d. injected tumours (287) may be more accessible to TCIRC cells as 
a consequence of heterotopic localisation. In addition, it has been challenging to 
dissociate the role of TCIRC cells from that of TRM cells, as tumour-reactivated TCIRC 
cells readily give rise to de novo TRM cells at the tumour challenge site (Chapter 
4 of this thesis and (287, 449)). The extent to which TCIRC cell-driven anti-tumour 
protection depends upon their differentiation into ‘new’ TRM cells upon recall 
therefore remains unclear. Of note, CD103–/– T cells are unable to protect against 
tumour development in a prophylactic setting involving i.d. inoculation (191), 
implying that de novo TRM cell generation is probably an important step in the 
TCIRC-cell driven anti-tumour response. 
 
Ultimately, a combination of both TRM cells and TCIRC cells as well as other 
immune cells (360, 455, 909, 910) is likely to be most beneficial to the host to 
ensure efficacious anti-tumour immune protection, especially in the inflamed 
tumour microenvironment during progressive cancer growth. However, in 
situations of long-term equilibrium where disease is minimal and inflammation is 
absent, we have shown that TRM cells alone are capable of preventing tumour 
outgrowth completely independently of TCIRC cells, which are unlikely to be 
recruited. In this way, retention of TRM cells specifically at the site of cancer 
initiation would provide advantages to the host by permanently concentrating 
tumour-specific T cells around persisting cancer cells and negating the 
requirement for continual reactivation and homing of resting circulating TEM or TCM 
cells in order to control cancer outgrowth – a lengthy process that might enable 
reinvigoration of uncontrollable cancer cell proliferation and subsequent tumour 
escape before T cells could reach the afflicted site. On the other hand, the limited 
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lateral motility of skin TRM cells and their restriction to one specific tissue may 
prove disadvantageous should the cancer acquire the ability to spread within the 
primary site or metastasise through lymphatics to distal tissues – in these 
scenarios, contributions of TCIRC cells are likely more critical.  
 
In any case, our findings highlight that the generation of TRM cells should be a 
critical goal of immunotherapies designed to treat solid tumours. To have the 
greatest benefit, cancer vaccines should be administered through mucosal or 
dermal routes that have been shown to promote the generation of 
CD103+CD49a+ TRM cells (449, 860, 861). Repeated boosting following 
vaccination would also likely enhance TRM cell responses in tumour tissue (128, 
132, 198). Most frequently, responses to vaccination and checkpoint therapies 
are monitored in the peripheral blood (911). Our work and that of others (191, 
287, 449) suggests that evaluation of local T cell responses at the tumour site is 
likely to be critical to accurately infer positive responses to treatment. Our findings 
stress the need to identify markers beyond KLRG1-negativity that allow for 
screening of TRM cell precursors in the blood to predict the likelihood that local T 
cell responses will be generated in tumours following treatment. 
 
Further advances in our fundamental understanding of the factors promoting TRM 
cell development may inform the design of more optimal CAR and other 
genetically engineered T cells to improve the efficacy of cancer treatment. For 
instance, overexpression of the residency-promoting gene Runx3 in T cells has 
already been shown to promote accumulation of T cells within the tumour bed 
following ACT (262). Targeting other TRM cell lineage defining molecules such as 
T-bet (169) or egress controlling molecules such as S1P receptors (219, 220) 
might encourage TRM cell differentiation following ACT. Importantly, we have 
shown that the e.c. method of melanoma inoculation provides an excellent 
opportunity to test these strategies in a preclinical model. However, our work also 
raises the possibility that encouraging TRM cell differentiation within the tumour 
microenvironment may be more difficult than in non-transformed tissues. In 
agreement with human studies (412, 471, 472, 475), we found that TRM cells were 
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preferentially generated at the epithelial tumour margin, whereas the tumour bed 
was populated by CD103– TIL with a comparatively exhausted phenotype. 
Acquisition of this distinct CD103– phenotype occurred despite production of IL-
15 and TGFβ in melanomas and independently of chronic antigen persistence, 
suggesting that undefined factors in the tumour microenvironment might oppose 
TRM cell differentiation. A better understanding of the factors that drive TRM cell 
development specifically within tumours rather than under homeostatic conditions 
may inform novel strategies to encourage anti-tumour TRM cell formation in order 
to promote durable control of established solid cancers. 
 

7.5 TRM cells induce tumour suppression by promoting cancer-immune 
equilibrium 
 
Critically, we show that TRM cells actively suppress cancer progression by evoking 
tumour-immune equilibrium in skin. In this way, we have contributed two 
important advances to the field. Firstly, whilst the notion that TRM cells can protect 
against cancer development is now well supported (191, 287, 448, 449), the 
mechanism through which these cells engage in immunoediting had not 
previously been addressed. Although we do not rule out that TRM cells may also 
provoke elimination of malignant cells, we demonstrate with certainty that TRM 
cells can and do prevent tumour outgrowth by eliciting cancer-immune 
equilibrium. 
 
Thus, we also reconcile the biological paradox of how long-term tumour 
dormancy can be maintained in epithelial tissue sites that are not regularly 
surveyed by TCIRC cells, and that therefore possess a degree of immune privilege 
under homeostatic conditions. Although tumour-immune equilibrium had 
previously been demonstrated in mice (385, 429), these studies had focussed on 
non-epithelial cancers and had failed to classify the specific T cells responsible 
for inducing and maintaining tumour dormancy. Here, we identify TRM cells as 
principal mediators of tumour-immune equilibrium in a physiologically relevant 
epithelial tissue compartment. The capacity of TRM cells to induce tumour-
immune equilibrium echoes their tendency to promote viral latency without 
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destroying host cells or causing overt tissue pathology (216, 912) and may 
suggest a specialised function of TRM cells that allows them to act as ‘controllers’ 
rather than ‘killers’. Such specialised properties of TRM cells may have initially 
evolved to prevent damage to non-renewable healthy tissues (such as neurons 
infected with HSV) whilst simultaneously precluding the spread of infection. 
Hence, our findings emphasise a critical role for TRM cells in maintaining tissue 
homeostasis rather than for solely promoting the destruction of infected or 
transformed cells. Whether heterogeneous subsets of TRM cells residing within 
the same tissue or TRM cells found in different tissues display varied capacities 
for ‘controlling’ versus direct ‘killing’ in situ remains to be determined. 
 
Our work invites the possibility that in addition to being specific for pathogenic 
and commensal microbes, a proportion of the TRM cells found to accumulate 
within human tissues over time (152, 178) may have also been generated in 
response to transformed cells that failed to give rise to macroscopic cancers as 
a consequence of immune control. Dormant carcinomas are readily observed in 
many non-barrier tissues (905) including the prostate (913), breast (914), 
pancreas (915) and thyroid (916) of apparently healthy humans, which may 
contain abundant CD8+ TRM cells despite being infrequent or unlikely targets of 
infection (917). A role for TRM cells in maintaining equilibrium makes sense 
teleologically, as these cells would be maintained permanently at the site of 
tumour cell development where they can provide constant immune pressure and 
instantly prevent attempts at escape without requiring inflammatory cues for 
delayed recruitment. In addition, whereas pathogens might reinfect an organ at a 
different location to that initially infected, it is unlikely that a genetically identical 
cancer would arise independently in two unrelated tissue regions. Thus, 
concentrating the immune response specifically at the cancer afflicted site by 
generating localised TRM cells may be more evolutionarily tenable than relying on 
TCIRC cells to enact anti-cancer immune surveillance. 
 
Our work has focussed specifically on skin TRM cells and the B16 melanoma cell 
line. In fact, the majority of studies interrogating the role of TRM cells in anti-tumour 
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protection in mice thus far have been performed using B16 melanoma cells and 
the skin as a model tissue (191, 287, 448). Whilst they share unifying 
commonalities, TRM cells from different tissue sites are also vastly heterogeneous 
with respect to their phenotype and function (161, 172, 179, 193, 195, 214). 
Hence, a remaining and pertinent question relates to the capacity of TRM cells 
found in other organs to protect against tumour development, and to encourage 
dormancy or equilibrium of diverse cancer cells that are borne from alternative 
parental tissues. The importance of TRM cells for protection against epithelial 
versus non-epithelial tumour development should also be addressed. Non-
epithelial tissue sites such as the liver may be more accessible to TCIRC cells and 
therefore less dependent on TRM cell mediated anti-tumour immune surveillance. 
 
Presently, we have yet to define the exact effector mechanisms through which 
TRM cells induce tumour-immune equilibrium. So far, our work implicates TNF 
rather than IFNγ or perforin-mediated killing as an important inducer of cancer 
suppression, but whether TNF must be derived directly from TRM cells or can be 
sourced indirectly from cells activated downstream of TRM cells remains unclear. 
It also remains possible that TRM cells produce other cytokines or effector 
molecules that we have not considered here that promote cancer-immune 
equilibrium. TRM cells are incredibly polyfunctional, and in addition to IFNγ and 
TNF can also produce IL-2 and IL-10 upon stimulation (49, 178, 233), which may 
promote survival or modulate function of other immune cells such as Treg cells 
(918). Further investigation into the effector molecules required to establish and 
maintain equilibrium that account for possible redundancies will be important in 
order to dissect the mechanisms of TRM cell driven anti-tumour immunity.  
 

7.6 Implications of the TRM cell-driven tumour-immune equilibrium state 
 
Our finding that TRM cells can effectively mediate ongoing immune suppression 
by maintaining tumour-immune equilibrium has a number of clinical implications. 
Tumour dormancy regularly occurs following immunotherapeutic intervention in 
the form of minimal residual disease, that in many cases permits eventual relapse 
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(919). It has been proposed that true and total elimination of cancer cells using 
drugs or immunotherapies may be an unrealistic prospect, as transformation and 
selection of resistant cancer cells is an unavoidable evolutionary process (905). 
Thus, defining new ways to induce and maintain tumour dormancy in patients 
may facilitate cancer treatment to induce equilibrium as a stable endpoint. Our 
work suggests that enhancing the generation, function or survival of TRM cells in 
the context of minimal disease may help to achieve this goal and reduce the 
likelihood of cancer relapses following treatment. 
 
On the other hand, targeting TRM cells to augment their effector functions may 
encourage eradication of tumours that were previously held in equilibrium or 
maintained in a minimal residual disease state. Given the high level of surface 
inhibitory molecules expressed by TRM cells both at rest and in the tumour 
microenvironment, enhancing TRM cell responses through checkpoint blockade 
inhibition may represent one possible avenue through which to ‘tip the balance’ 
between equilibrium and elimination. In support of this, anti-PD-1/anti-CTLA-4 
therapy can act on anti-tumour CD8+ T cells mediating radiation-induced T cell 
equilibrium to drive complete elimination of solid tumours (440). Whilst anti-PD-
1/anti-CTLA-4 therapies did not improve suppression of e.c. B16 melanoma in 
our experiments, effector functions of TRM cells from human lung cancer (477) 
and infected brain tissue (242) can be enhanced by blocking PD-1:PD-L1 
interactions in vitro. Further work will be necessary to decipher the potential 
responses of TRM cells to checkpoint blockade therapy in vivo.  
 

7.7 Concluding remarks 
 
In summary, this thesis has described a novel murine melanoma model with 
which we have studied the contribution of TRM cells to the control of peripherally 
localised cancer development. We have shown that both tumour-primed and 
prophylactically lodged TRM cells can suppress tumour growth by promoting 
cancer-immune equilibrium. As such, our findings reveal a fundamental and 
critical mechanism of immune surveillance within epithelial tissue sites and 
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provide a deeper understanding of how long-term tumour dormancy can be 
upheld in peripheral tissues. Importantly, we show that TRM cells can provide 
direct anti-cancer protection in the absence of TCIRC cells, consistent with their 
known association with improved disease outcomes in the context of human solid 
tumours (240, 412, 454, 473, 477, 478). Together, our findings provide strong 
incentive to pursue TRM cells as targets of immunotherapies as a means to 
improve solid cancer treatments in patients.   
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Chapter 8: Appendix 
 
Appendix A: Supplementary Movies 
 
Appendix Video 1: B16.gB-primed gBT-I TRM cells in tumour-challenged 
skin of nondeveloper 
https://www.dropbox.com/s/pccju0c54fntcpn/Appendix%20Video%201.mp4?dl=
0 
Skin from a macroscopically tumour-free Albino B6 mouse transferred 1 x 105 
naïve gBT-I.GFP cells (green) and 1 x 105 B16.gB.mCherry cells e.c. 
approximately 4wks earlier. Data are from one experiment and representative of 
at least 3 independent experiments with 5 or more mice per experiment using 
either B16.gB.mCherry cells or B16.gB.Tyr-/-.mCherry cells. Blue; second 
harmonic generation (SHG). 
 
Appendix Video 2: gBT-I TRM cells interacting with progressing B16.gB 
melanoma 
https://www.dropbox.com/s/cij30xo6k0sgn79/Appendix%20Video%202.mp4?dl
=0 
Progressively growing melanoma in skin of an Albino B6 mouse transferred 1 x 
105 naïve gBT-I.GFP cells (green) and 1 x 105 B16.gB.mCherry cells (red) e.c. 
approximately 4wks earlier. Data are from at least 3 mice from at least 2 
independent experiments. Blue; second harmonic generation (SHG).  
 
Appendix Video 3: gBT-I TRM cells interacting with persistent B16.gB in 
nondeveloper skin 
https://www.dropbox.com/s/8islvcdscfbnlxf/Appendix%20Video%203.mp4?dl=0 
Skin from a macroscopically tumour-free Albino B6 mouse transferred 1 x 105 
naïve gBT-I.GFP cells (green) and 1 x 105 B16.gB.mCherry cells (red) e.c. 
approximately 4wks earlier. Data are representative of at least 3 independent 
experiments with 5-7 total mice per experiment. Blue; second harmonic 
generation (SHG). 
 
Appendix Video 4: gBT-I TRM cells interacting with B16.gB cluster in 
nondeveloper skin 
https://www.dropbox.com/s/arzv6yn8xhjrp3k/Appendix%20Video%204.mp4?dl=
0 
Skin from a macroscopically tumour-free Albino B6 mouse transferred 1 x 105 
naïve gBT-I.GFP cells (green) and 1 x 105 B16.gB.mCherry cells (red) e.c. 
approximately 4wks earlier. Data are representative of at least 3 independent 
experiments with 5-7 total mice per experiment. Blue; second harmonic 
generation (SHG). 
 
A version of this Thesis containing high quality microscopy images can be 
downloaded from:  
https://www.dropbox.com/s/zeufpvfivlm947i/Final_Thesis_Simone_L_Park.pdf?
dl=0 
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