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Summary

Programmed cell death — 1 receptor (PD-1) is an inhibitory co-receptor which is critical for
immune regulation and tolerance. Following engagement with its ligands, Programmed cell
death ligand (PDL)- 1 and -2, PD-1 inhibits cellular proliferation and cytokine production.
Although literature has focused on T cells, emerging literature has identified PD-1 as a negative
regulator of innate lymphoid cells (ILCs). ILCs are a tissue resident subset of the innate immune
system which are divided into 3 groups; namely group 1 (including NK cells and ILC1s), group
2 and group 3 (including Lymphoid Tissue Inducers; LTi cells). We have demonstrated that
PD-1 regulates ILC2s, whereby inhibition of PD-1 results in increased cell proliferation and
cytokine production (Taylor et al., 2017). In human, all ILC subsets are capable of expressing
PD-1 within the tumour (Salimi et al., 2018) though the regulation of these cells within the
tumour microenvironment (TME) remains undetermined. Murine cancer models identified a
unique ILC1 subset, namely Tbet"Nkp46" RORyt” ILCls, that were found to upregulate PD-1
expression in the TME (p=0.01) and were significantly increased in the absence of PD-1
(p=0.02). Absence of PD-1 also led to the increase in cellular proliferation and cytokine
production. Data indicated PD-1 may modulate the metabolic profile of ILC1 subset
Tbet'NKp46 " RORyt” ILC1s. Human data confirmed observations in mice, whereby human
ILCs were capable of upregulating PD-1 in the presence of tumour cells and PD-1 negatively
regulated cellular proliferation. Specifically, an equivalent PD-1" subset was identified within
human cutaneous squamous cell carcinoma (cSCC) tumours which was absent in patient
peripheral blood mononuclear cells (PBMCs). In conclusion, PD-1 signalling specifically
dampens Tbet"Nkp46"RORyt ILCs activity within the TME highlighting a potential therapeutic

target which could enhance patient responses.
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Chapter 1: Introduction

The immune system is essential for providing the body with defence against an array of
microorganisms including bacteria, viruses and fungi. This is divided into two arms; namely
the innate immune system and the adaptive immune system. The innate immune system is the
primitive branch of the immune system which is conserved between all multicellular organisms
and provides the first response against immune challenge. Innate immune cells use pattern
recognition receptors (PRRs) such as Toll-like receptors (TLRs) to recognise microbial
components named pathogen associated recognition patterns (PAMPs) and mount an immune
response (Reviewed by (Akira et al., 2006)). The adaptive immune system provides a later stage
pathogen-specific response and immune memory. This system consists of cellular responses

driven by T cells and humoral defence driven by B cells and the complement system.

In 2010, a novel set of innate immune cells was identified known as innate lymphoid cells
(ILCs) (Neill et al., 2010, Buonocore et al., 2010). ILCs are a family of lymphocytes which are
predominately tissue resident, and share many phenotypical and functional characteristics with
T Cells. Since their discovery, ILCs have been shown to be present in the majority of tissues,
however primarily reside within mucosal barrier tissues. ILCs play a key role in tissue
homeostasis and being first immune responders. There are, however, many questions remaining
regarding how ILC subsets function within specific tissues and particularly within pathological

conditions such as cancer.

Cancer is one of the leading causes of death worldwide, with approximately 10 million cancer
associated deaths annually (Sung et al., 2021). Immunosuppressed patients demonstrate an
increased incidence of cancer development inferring that the immune system plays a critical
role in tumour progression (Sung et al., 2021). The tumour microenvironment (TME) is a
complex environment containing a vast number of cells including a variety of immune cells.
Immune cells such as CD8" T cells are capable of directly recognising antigens expressed by
tumour cells (van der Bruggen et al., 1991). Other immune cells, such as NK cells can recognise
and target cancer cells and directly kill them through the production of granzyme and perforin.
In contrast, presence of immunosuppressive cells such as regulatory T cells (Treg) and
immunosuppressive macrophages dampen immune responses and enable tumour growth and
progression. Increased infiltration of immunosuppressives cells is associated with poor clinical
outcome (Gordon et al., 2017, Gao et al., 2017). Immunotherapies have been developed to

target immune cells with the aim of boosting effector anti-tumour responses, however, there
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has been limited success within the clinic. ILCs are a tissue resident subset of cells which are
thought to reside within cancer tissue. The role of ILCs within pathology but particularly within
cancer remains largely unknown. A full understanding in ILC regulation and activation is
required to fully elucidate their role and assess how they may respond to immunotherapy

treatment.

1.1. Innate Lymphoid Cells

1.1.1. Overview

ILCs are a tissue resident subset of the innate immune system which are first responders cell
enriched at mucosal surfaces and are critical for barrier homeostasis and defence (Gil-Cruz et
al., 2016, Brestoff et al., 2015, Neill et al., 2010, Sonnenberg et al., 2011, Monticelli et al.,
2011). ILCs, the innate counterpart of T lymphocytes, lack recombinating activating gene
(RAG)- dependent rearranged receptors so are unable to respond to antigen presentation,
responding instead to environmental stimuli such as cytokines and alarmins produced in the
tissue. Based on expression of transcription factors, surface protein expression and effector
function, ILCs can be divided into 3 main subsets; Group 1 ILCs (including ILC1s and natural
killer cells; NK cells), group 2 (ILC2) and group 3 (including ILC3s and Lymphoid Tissue
Inducers; LTi) which mirror CD4" T helper cells subsets Th1, Th2 and Th17 cells respectively.
ILCs respond to specific tissue microenvironment stimuli and respond with the relevant effector
cytokines to elicit an appropriate response either in mounting an immune defence or boosting
tissue repair. Cytokines produced by ILCs can either elicit a direct response (ILC3 production
of IL-17), or can recruit other immune cells to the site of infection (e.g. IL-5 production by

ILC2s recruits Th2 cells and eosinophils) (Jie et al., 2014, Walker and McKenzie, 2013).

Group 1 ILCs, broadly defined by expression of transcription factor Tbet (T-box transcription
factor TBX21), are responsible for anti-viral defence and anti-tumour responses through the
production of type 1 cytokines including interferon (IFN) y and TNFa (Gao et al., 2017). NK
cells are widely regarded as the innate counterpart to CD8" T cells, and have the ability to
produce granzyme and perforin to mount a cytotoxic response (Loh et al., 2005). In addition
to cytokines such as IL-15, NK cells can be activated by “lack of self” antigen on cells. Major
histocompatibility complex class I (MHC I) expression is lost once a cell becomes infected or

in tumour cells. When unable to recognise MHC I, NK cells mount an immune response (Jaeger
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and Vivier, 2012). ILCls have a helper-like pro-inflammatory phenotype, and respond to
stimulation from IL-12 and IL-18 (Bernink et al., 2015). Group 2 ILCs are defined by the
upregulation of GATA3 and mirror Th2 cells. ILC2s respond to helminth infection with the
production of IL-5 and IL-13 (Yang et al., 2011). They also play an important role in allergy
and atopic dermatitis (Salimi et al., 2013). Group 3 ILCs are sub-divided by the expression of
NK receptor NKp46 (in mice) or NKp44 (in humans) but all express transcription factor RAR-
related orphan receptor gamma (RORyt). NCR™ ILC3s are positive for NKp46/NKp44 whereas
NCR- lack this expression. Under normal physiological conditions, NCR™ ILC3s are the
predominant ILC3 subset present within tissue whereas NCR* ILC3s are upregulated during
inflammatory conditions such as psoriasis (Villanova et al., 2014). On the contrary, within the
intestine, NCR™ ILC3s are the prominent. LTi cells, also regarded as a group 3 ILC subset by
their expression of the transcription factor RORYt, are critical for the development of lymphoid
tissue and Peyer’s patches (Reviewed in (Buettner and Lochner, 2016)) (Summarised in Figure

1.2)

ILCs have a role in both immune defence and are increasingly being identified as key players
in a variety of pathologies including psoriasis and atherosclerosis (Salimi et al., 2013, Newland
et al., 2017). Furthermore, the role and significance of ILCs in tumour biology is an emerging
area of interest. The precise mechanisms as to whether ILCs aid with tumour progression or
mount anti-tumour responses remains unclear. ILC respond, almost exclusively, to the tissue
environment, therefore understanding how ILCs behave within the tumour microenvironment

(TME) could be extremely beneficial in order to fine tune cancer therapies within the clinic.

1.1.2. ILC Development

ILCs develop from the common lymphoid progenitor (CLP); a progenitor which also gives rise
to other immune cells including T and B cells. Development occurs within the bone marrow; a
process tightly regulated by a multitude of transcription factors including nuclear factor
interleukin 3 (Nfil3), inhibitor of DNA binding 2 (Id2) and GATA3 (Monticelli et al., 2011,
Hoyler et al., 2013) (Figure 1.1.). Immature B cells remain in the bone marrow until they
develop into naive B cells, where they enter the blood stream and elicit immune response upon
activation. For T cell development, the CLP migrates to the thymus and gives rise to the early
T cell progenitor (ETP) which ultimately develops into T cells through double positive
CD4*CDS8" cells and through to final single positive T cells. The fate of CLP is determined by
a carefully orchestrated Notch signalling. High levels of Notch signalling drive CLP
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development towards T cell development, conversely B cells require low notch signalling
(Koga et al., 2018). Of note, ILC2s have been shown to require high levels of Notch signalling
in combination with IL-7 for development (Koga et al., 2018); whether this is exclusive to

ILC2s or whether this is required for all ILC subset development remains unclear.

In addition to changes in Notch signalling, adaptive immune cells require a family of
transcription factors known as E proteins. The transcription factor Id2 drives the formation of
non-functional heterodimers; essentially blocking E proteins. 1d2 is therefore, is critical for
driving CLP development through intermediate o-lymphoid progenitor (aLP) into the common
helper ILC precursor (CHILP) and preventing T and B cell development (Benezra et al., 1990,
Morrow et al., 1999). Upregulation of Id2 is critical for development of all ILC subsets, and in
the absence of 1d2 there is a failure of any of the ILC subsets to develop (Yokota et al., 1999,
Boos et al., 2007).

Id2 is the critical transcription factor for fate decisions in CLP progression into ILCs, so
unsurprisingly 1d2 expression in CLPs is tightly regulated by the basic leucine zipper
transcription factor Nfil3. Upregulation of Nfil3 is driven by IL-7 induced signal transducer
and activator of transcription (STAT) 5 phosphorylation; expression is important for all ILC
subset development (Geiger et al., 2014, Seillet et al., 2016, Klose et al., 2014). Crucially, Nfil3-
" mice, only demonstrate a reduction in ILCs and not a complete ablation. This infers that
although important, Nfil3 is not critical for development and alternative regulatory mechanisms
must be in place which are not yet well described. Nfil3 is closely associated with the
transcription factor Thymocyte selection-associated HMG-bOX (TOX). As with Nfil3, absence
of TOX demonstrated a reduction in all 3 ILC subsets (Seehus et al., 2015). NK cell
development, in particular, is impaired in the absence of TOX; a defect which is rescued upon
the transduction of TOX (Aliahmad et al., 2010). A signalling cascade has been described
whereby TCF-1 expression is driven by TOX. IL-7 induces Nfil3 which then binds to the TOX
promoter to drive TCF-1 expression. TOX is critical for the progression of the CLP through the
oLP to the CHILP. With the exception of NK cells, all ILC subsets progress to the CHILP
(Figure 1.1).

Up regulation of integrin a4f7 is another indication that the cells have lost the ability to develop
into adaptive immune cells and cements the development into ILCs. a4B7 is critical for

lymphocyte homing and adhesion through adhesion molecule MadCAM1 (Ruegg et al., 1992).



ILC migration into the intestine is facilitated by CXCR6 as well as CCR7, which specifically
regulates ILC1 and ILC3 migration into the intestine (Kim et al., 2015).

In addition to TOX and NFil3, GATA3 is another transcription factor critical to ILC
development; whereby ILC 1-3 fail to develop in its absence (Serafini et al., 2014, Klose et al.,
2014). This is similar requirement in the development of CD4" T cells, whereby GATA3 binds
to the 1/7r promoter region in human T cells; this was shown to inhibit NK cell development
(Van de Walle et al., 2016). GATA3 is continually expressed throughout development until
ILC precursor (ILCp), where subset specific induction occurs (Hoyler et al., 2013).

CLP —— T and B cells

NFIL3, 12,
IL-7 | TOX, GATA3

NKp 1L-15 aLP

EOMES l Bone Marrow

RORyt Peripheral Tissues

CHILP

l PLZF

ILCp

IL-22
IL-17
~_ L3
IL-25 TSl
IL-33
TSLP

1L-5
1L-13

Amphregulin A
Anti-viral defence Anti-bacterial defence

IFNy
TNFa
Granzyme

Perforin

Anti-Helminth defence

Figure 1.1. Innate Lymphoid Cell Development. Innate Lymphoid Cells (ILCs) develop
from the common lymphoid progenitor (CLP) in the bone marrow. Through the upregulation
of transcription factors (Nfil3, Id2, TOX and GATA3) and cytokine IL-7, CLP develop into
o lymphoid progenitor (aLP). IL-15 drives the development of Natural killer cell progenitor
(NKp). Upregulation of transcription factor Eomes then further drives development of NK
cells within the peripheral tissue. Promyelocytic leukaemia zinc finger (PLZF) drives the
development of other ILC subsets into the ILCprogenitor (ILCp) within the peripheral tissue.
Individual ILC subsets develop in response to subset specific cytokines and alarmins and then
provide the appropriate immune response within the tissue.

Although classified as an ILC, NK cells differ in development from the rest of the ILC subsets.
IL-15 drives the progression of the alLP away from the ILCp into the NK cell precursor (NKp)
(Serafini et al., 2015). Development of NKp into mature NK cells is dependent on the
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upregulation of transcription factor Eomes. Although NK cells also express Tbet, unlike with

ILCls, development of NK cells is not dependent on Tbet expression (Klose et al., 2013).

CHILP develop from the aLP. Constantinides et al. demonstrated that promyelocytic leukaemia
zinc finger (PLZF) is critical for the development of ILCs, but not NK cells nor LTi cells
(Constantinides et al., 2014). Although lineage tracing experiments of Zbtbh16 (gene encoding
PLZF) demonstrated expression in all ILCs, in the absence of PLZF only ILCI and ILC2
subsets were reduced, whereas ILC3s remained unaffected. These contradictory findings
suggest subset specific regulation of ILCs even at this early stage. Although important, PLZF
did not completely eliminate ILC1 and ILC2s, it further enhances the suggestion that other
regulatory pathways are underway (Constantinides et al., 2014). PLZF drives the progression
of ILC development into the ILCp and a4p7 expression in CHILP and ILCp highlight the
migratory tendency of these cells. CHILP, in particular, upregulate homing chemokines such
as CCR7 and CCRS9 in order to facility migration from the bone marrow to peripheral tissues
such as the intestine (Hoyler et al., 2012). Once in the tissues, ILCps respond to environmental
stimuli produced in the tissue or by other cells such as dendritic cells. These specific stimuli
drive the development of individual specific subsets, induce subset specific transcription factors

and drive subset specific phenotype.

The development of ILC1s and ILC3s rely on similar components including Tbet and Runt
related transcription factor 3 (RunX3). Transcription factor Tbet, is essential for the
development of NKp46© cells, including both ILC1s and ILC3s. This is demonstrated in the
absence of Tbet, where mice lack ILC1s and NCR" ILC3s, however NCR™ ILC3s are still able
to develop through stimulation from the Notch signalling pathway (Rankin et al., 2013, Klose
et al., 2013). RunX3 is required for both subsets, however it is specifically required for the
upregulation of RORyt expression in ILC3s (Ebihara et al., 2015). GATA3 is required for the
development of all ILC subsets, however sustained high levels of GATA3 drives ILC2
specification and is not seen in the other subsets (Hoyler et al., 2012). Huang et al. further
subdivided ILC2 subsets based on their expression of IL-33 receptor ST2 and KLRG1. ST2" or
“natural” ILC2s are present under normal homeostatic conditions. ILC2s induced by IL-25,
known as inflammatory ILC2s, upregulated expression of KLRGI on activation (Huang et al.,
2015). RORa is also critical for ILC2 development, as they fail to develop in its absence (Wong
et al., 2012). ILC3s rely on RORyt for differentiation and for ILC3 development as in its
absence, ILC3s fail to develop. There is no notable difference however, in ILC1 and NK cell
subsets, again highlight subset specificity (Klose et al., 2013).
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ILCs respond to alarmin and cytokine stimulation for their differentiation and proliferation. In
a similar manner to T cells, dendritic cells and other antigen presenting cells (APCs) produce
cytokines in response to pathogen detection in order to stimulate response. ILCs also require
cytokines for development, namely IL-7 and IL-15 (Geiger et al., 2014). Although IL-7 is
required for ILC development, it has been shown that ILC2 and ILC3 subsets are capable of
developing independently of IL-7, as long as they receive stimulation from IL-15 (Robinette et

al., 2017).
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1.1.3. Group 1 Innate Lymphoid Cells

Group 1 innate lymphoid cells consist of NK cells and ILC1s and are a key component in anti-
viral defence. First identified in 1975, NK cells have been well defined as a circulatory
cytotoxic innate immune cell with a key role in anti-tumour responses (Kiessling et al., 1975).
It is well established that NK cells respond to immunotherapies in cancer and so this project
has focused on the less well recognised ILC1s. In comparison, ILC1s are poorly understood,
primarily due to the lack of specific markers for identification making in particularly difficult
to identify them from NK cells and other ILC populations. There are, however, some
fundamental differences between NK cells and ILC1s which allows functionality between the
subsets to be disseminated. NK cells are primarily circulatory cells, found within the blood and
lymphoid tissues. As a result, they express circulatory marker a2 integrin subunit (CD49b). In
contrast, tissue resident ILC1s primarily reside within intestinal tissue, liver, uterus and salivary
glands (Filipovic et al., 2018, Fuchs, 2016). ILC1s express a.-subunit of a1 1 integrin, CD49a,
which retains cells in tissue by binding collagen IV and laminin within tissue (Fuchs, 2016).
NK cells and ILC1s can further be distinguished based on expression of transcription factors
Eomesodermin (EOMES). Although both subsets require Tbet, expression of Eomes is
exclusive to NK cells; expression of which is conversely associated with the expression of TNF-
related apoptosis-inducing ligand (TRAIL) (Gordon et al., 2012). Although NK cells express
Tbet, unlike ILC1s, NK cells are capable of developing in the absence of this transcription
factor (Daussy et al., 2014). ILCl1s also express cytotoxicity receptor NKp46, absence of which
reduces ILC1 expression of TRAIL. This impairs ILC1 function, and in murine cancer models,
ILCl1s have diminished capacity to provide anti-tumour responses (Almeida et al., 2018,
Turchinovich et al., 2018). In contrast to NK cells, ILC1s lack expression of c-type lectin-like
receptor Ly49 (Klose et al., 2014). Ly49 binds to MHC class I and allows NK cells to recognise
infected cells, or cells lacking in expression of MHC class I; meaning ILCls are unable to
recognise lack of expression, damaged or destressed cells (Rahim et al., 2014). To distinguish
the two cell types, NK cells can be defined as Nkp46°'CD49a CD49b*"TRAIL Eomes*Tbet" in
contrast to ILC1s which can be defined as Nkp46"'CD49a"CD49b TRAIL "Eomes Tbet".

ILCls also express chemokine receptor CXCR6. Expression of CXCR6 was originally thought
to be required for tissue homing to the liver, however, uterine ILC1s have also shown to express
CXCRG6 (Filipovic et al., 2018, Seillet and Belz, 2016, Wang et al., 2018). In T cells, CXCR6

is required for tissue homing, so it is likely that expression of CXCR6 on ILC1s maintains tissue
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residency. It has been suggested that CXCR6 may be a marker of memory ILCls. CXCR6"
ILCls specifically expand during second pregnancy in comparison to first suggesting a
potential memory cell population in pregnancy (Filipovic et al., 2018). In response to hapten
stimulation, ILC1s are capable of providing specific memory responses within the lymph nodes.
In addition to expressing CXCR®6, these ILCls are also dependent on expression of IL-7Ra for
the memory response (Wang et al., 2018). The exact mechanism behind the formation of
memory ILCs and how they are maintained, particularly with the inability to recognise antigen
presentation remains unclear. Further research would be required to determine the exact

mechanism but this is an important consideration for targeting these cells.

NK cells are considered the more cytotoxic phenotype as they produce both perforin and
granzyme, with the suggestion that ILCls have a more “helper-like”, immunosuppressive
phenotype in the presence of TGF (Gao et al., 2017). Despite this, ILC1s have been shown to
be pivotal in type 1 immune responses. IL-12 drives IFNy production in both NK cells and
ILCl1s through the phosphorylation of STAT4 (Weizman et al., 2017). IFNy production by
ILCls is critical to immune response to infection, tissue homeostasis and inflammatory
conditions (Klose et al., 2014, Nabekura et al., 2020, O'Sullivan et al., 2016, Fuchs, 2016).
ILCls are tissue resident innate cells and so are primed to elicit early immune responses upon
infection. ILCls are the primary source of IFNy in early Toxoplasma gondii and intestinal
Clostridium difficile infections in response to IL-12 (Lopez-Yglesias et al., 2021, Abt et al.,
2015, Klose et al., 2014). In first 24hour of infection with mouse cytomegalovirus (MCMV),
ILCl1s are the predominant source of IFNy. Critically, Eomes-dependent NK cells were not
required during this early infection phase (Weizman et al., 2017). This provides further

evidence of the distinction between the two subsets and their distinct roles.

ILCl1s respond to cytokines IL-12 and IL-15; both cytokines are critical for ILC1 production of
IFNy in response to infection; as in the absence of either cytokine ILCls fail to produce
sufficient IFNy in early infection (Gil-Cruz et al., 2016). Absence of IL-15 did not, however,
result in the same increase in viral load seen in the absence of IL-12, suggesting that either IL-
12 is the dominant source of activation or ILCls response to cytokine stimulation is tissue
specific. Dendritic cells are the predominant source of IL-12; blockade of which through TNF
inhibitor, diminishes the capacity of ILC1s to produce IFNy (Larmonier et al., 2007).
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In addition to providing viral defense, IFNy produced by ILCls has a key role in tissue
homeostasis. In acute liver injury, IFNy production specifically increases from activated ILC1s
and not NK cells. This leads to the upregulation of anti-apoptotic protein Bcl-XL which
increases survival of hepatocytes. IFNy production from ILCls alone is sufficient to protect

against liver damage (Nabekura et al., 2020).

IFNy is an inflammatory cytokine, therefore, dysregulation of ILCls drives inflammatory
disorders including obesity and Crohn’s disease (Fuchs, 2016, Boulenouar et al., 2017).
Regulation of ILCs, particularly ILC1s is poorly understood, however key correlations between
ILC1 presence and disease state has been noted. In the lamina propria, ILC1s were increased in
patients with Crohn’s disease, a phenomenon also observed within a murine model of colitis
(Fuchs et al). ILCl1s are a tissue resident subset of cells and respond exclusively to the tissue
microenvironment. It remains unclear at this stage whether this is in response to changes in
stimuli in the tissue microenvironment in disease state, or whether the ILCls are initiating and
driving pathology. ILCls are present in adipose tissue under steady state yet during obesity
adipose associated ILCl1s are significantly increased (Boulenouar et al., 2017). In obesity, IL-
12 driven IFNy produced by ILCls drive macrophage polarization to M1 pro-inflammatory
phenotype. Increase in inflammation within the adipose tissue drives obesity-associated insulin

resistance in mice (O'Sullivan et al., 2016).

ILCl1s are widely considered tissue resident subset set of cells, being one of the main defining
features between them and NK cells. There is a suggestion, however, that ILCls may have
migratory capacity to and from the lymph nodes and liver. This has been shown to be dependent
on chemokine receptor CXCR3 (Wang et al., 2018). It is yet to be determined whether this is
true of all ILC1s or whether this is specific for memory ILC responses. Either way, if ILC1s
are capable of migrating, this could have significant consequence for their presence within
tumour tissue. It is too early to determine whether ILC1s would be able to initiate a memory
response in a relapsing cancer setting and whether migration of these cells to the tumour site

would be possible.

The understanding function of ILCl1s has remained limited due to the lack of specific markers
and limited cell number. There is evidence suggests that ILC1s primarily elicit their response
through the production of IFNy and drive inflammatory responses. Further assessment would

be required in order to fully understand the role of ILC1s in health and disease.
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1.1.4. Group 2 Innate Lymphoid Cells

ILC2s were one of the first ILC subsets to be described, originally termed “nuocytes” (Neill et
al., 2010). Neill et al. first described ILC2s in Rag”~. Rag”~ mice lack a mature adaptive immune
system but were shown to still be capable of responding to IL-25 stimulation by producing type
2 cytokines IL-5, IL-13 and immunosuppressive cytokine IL-10 (Neill et al., 2010, Bando et
al., 2020). As a result of their clear expression of transcription factor GATA3 and surface
markers IL-2 receptor oo CD25 and IL-7 receptor CD127, along with their relatively high
abundance in tissue, ILC2s are one of the most studied of the ILC subsets. ILC2s are
predominantly associated with lung, skin and small intestinal tissue. ILC2s can be sub-divided
into 3 subsets namely “natural” ILC2s (nILC2s; ST2"), “inflammatory” ILC2s (iILC2s;
KLRGI1") and “mature” ILC2s (mILC2s; ST2'KLRG1*) (Huang et al., 2015). nILC2s reside
within the tissues such as lung and adipose tissue under homeostatic conditions and primarily
respond to IL-33 stimulation. ilLC2s are difficult to detect under normal homeostatic
conditions, however, rapidly expand in response to IL-25 stimulation. iILC2s increased rapidly
in response to helminth infection within the lung, in contrast, increase in nILC2s is delayed and
not observed until day 8-12 post infection (Huang et al., 2015). iILC2s have also shown to be
capable of expressing RORyt, and in response to Candida albicans infection are capable of
expressing I1-17, providing type 3 responses (Huang et al., 2015). This is in contrast with
findings reported by Sawa et al, who suggested that IL-25 can inhibit ILC3 responses (Sawa et
al., 2011). It is likely that, as with ILC1s, ILC2 response to stimulation is specific to the tissue
microenvironment and it is possible that other stimuli may enhance type 3 response in ILC2s.
It is well documented that ILCs, particularly ILC2s have high plasticity between subsets. This
will be addressed in subsequent sections. ILC2s are widely distributed throughout barrier
surfaces, unsurprisingly they are associated with driving many pathological conditions

including psoriasis and asthma (Salimi et al., 2018, Wohlfahrt et al., 2016).

ILC2s primarily respond to IL-25, IL-33 and TSLP production by the tissue microenvironment
and respond to parasitic infection such as helminth. Tuft cells within the intestine respond to
infection by the production of IL-25. This drives the induction of ilLC2s which in response
produce IL-5 and IL-13 which induce immune cell responses and directly stimulate pathogen
excretion. IL-5 recruits eosinophils to the site of infections whilst IL-13 stimulates mucus
production in order to eliminate pathogen (Neill et al., 2010, Moro et al., 2010, Hams et al.,
2013, Monticelli et al., 2015, Klose et al., 2017). ILC2s also produce amphiregulin which, as

well as IL-13, which is critical for tissue repair post infection. Amphregulin production is
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significantly increased within the lung following influenza infection in mice where it promotes

tissue repair (Monticelli et al., 2011).

IL-33 is also a key stimulator of ILC2s. IL-33 drives cytokine production in ILC2s through the
phosphorylation of STATS. This directly leads to increased cellular proliferation and cytokine
production and expulsion of helminth infection (Taylor et al., 2017). Thymic stromal
lymphopoietin (TSLP), unlike IL-33 and IL-25, is not sufficient to activate ILC2s alone,
however enhances ILC2 activation by IL-33 (Salimi et al., 2018). As well as cytokines, ILC2s
are also stimulated by a number of other factors including neuropeptides and adhesion
molecules. Neuropeptide neuomediun U (NMU) is critical for optimal ILC2 activation.
Deficiency in NMU, renders mice unable to reduce worm burden following helminth infection
as a direct result of diminished production of both IL-5 and IL-13 (Klose et al., 2017, Cardoso
et al., 2017). Intercellular cell adhesion molecule-1 (ICAM-1) is exclusively critical for ILC2
development; it is not required for the development of any other ILC subset. In its absence,
there is a significant reduction of ILC2s and they are rendered unable to respond to IL-33
stimulation with the production of IL-5 and IL-13. ILC2s, in the absence of ICAM-1 are unable

to induce lung inflammation in mice (Lei et al., 2018).

ILC2s are critical in the protection in several tissues including lung and adipose tissue. ILC2s
play a key role in metabolic homeostasis and are particularly important for the development of
white adipose tissue (Moro et al., 2010). In both human and murine studies ILC2s are a key
player in obesity. IL-33 has shown to play an important role in the beiging of white adipose
tissue (Brestoff et al., 2015, Molofsky et al., 2013, Moro et al., 2010). IL-33 drives type 2
responses, where the contribution of Th2 cells has been excluded in experiments carried out in
adoptive transfer of ILC2s in Rag”’yc” mice, where ILC2s rescued exacerbated obesity
phenotype (Hams et al., 2013). Both IL-13 and IL-5 contribute ILC2 protection from obesity.
Absence of IL-13 leads to an increase in weight gain, coupled with increase glucose uptake in
mice fed a high fat diet (Hams et al., 2013). ILC2s are also the primary source of IL-5 within
adipose tissue and drives eosinophil recruitment. Eosinophils are critical for the maintenance
of adipose tissue and preventing obesity associated inflammation driven by pro-inflammatory
cells such as neutrophils and macrophages. In lean visceral adipose tissue, eosinophils maintain
immunosuppressive alternatively activated macrophages which maintains tissue homeostasis
and promotes insulin sensitivity. ILC2s are critical for the recruitment of eosinophils and tissue

homeostasis within this model (Molofsky et al., 2013).
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ILC2s have shown a key role in protection against atherosclerosis whereby IL-5 and IL-13
derived from ILC2s is critical for protection against plaque development. Furthermore, mice
fed a high fat diet were not only more susceptible to developing atherosclerotic plaques, but
this was also coupled with diminished ILC2 frequency in associated lymph nodes (Newland et

al., 2017).

In a similar manner to ILC1 subsets, there is evidence emerging to suggest memory capacity of
ILC2 subsets. It has been proposed that the “memory” ILC2s, which have previously been
exposed to specific stimuli are capable of inducing higher levels of cytokine and inducing Th2
responses with greater efficiency (Wang et al.,, 2019). ILC2s, although having a similar
transcriptional profile to memory T cells, do not generate specific memory responses but
instead can respond to unrelated allergen challenge with greater efficacy to differentiate Th2s
than naive ILC2s (Martinez-Gonzalez et al., 2016). This may translate to having important
implications in disease settings such as in allergy where patients maybe sensitive to multiple
allergens. Unlike with memory ILCls, there is no evidence currently to suggest migratory
capacity of memory ILC2s or the formation and regulation of these cells. It does, however,

highlight the critical implication ILC2s could have in allergic diseases.

ILCs are widely described as a tissue resident innate immune cell. However, Huang et al
described ILC2s as having an ability to migrate to inflammatory tissue in response to IL-25
stimulation through lymphatic vessels within 72 hours. This migration was shown to be solely
dependent on sphingosine-1-phosphate (S1P) mediate chemotaxis which was shown to be
particularly critical in murine response to helminth infection (Huang et al., 2018). Thus far, this

has only been demonstrated in ILC2 subsets.

In humans, ILC2s are identified by expression of prostaglandin D> receptor 2 (CRTH2), but
phenotype and activity between mouse and human is conserved with human ILC2s responding
IL33 and IL-25 stimulation (Salimi et al., 2013). Although very similar, murine ILC2s and
human ILC2s pose significant differences in tissue localisation. Humans demonstrate notable
frequency of circulatory ILC2s within peripheral blood, which is not observed within mouse.
A reduction in ILC2s within the gut and lung is noted in healthy adult tissue compared with
fetal tissue, although frequencies are restored in response inflammation (Mjosberg 2011),
highlighting the implications of human development on ILC distribution and the considerations

which should be made when translating observations in murine models.
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ILC2s are negatively regulated in human skin through the interaction of adhesion molecular e-
cadherin with KLRG1. Natural cytotoxicity receptor NKp30 is expressed by human ILC2s.
B7H6 is the NKp30 receptor, which is constitutively expressed by keratinocytes, however it is
only capable of being activated during inflammatory conditions such as atopic dermatitis and
is not activated under normal homeostasis (Salimi et al., 2018). ILC2 activation is further
regulated by aryl hydrocarbon receptor (Ahr) which inhibits ILC2s response to helminth
infection. ILC2s are one of the most well studied of the ILC subsets in mouse, however

differences in human tissue still remain relatively unexplored.

Overall, ILC2s respond with a type 2 response to IL-33 and IL-25 stimulation. ILC2s
demonstrate immune defence, tissue homeostasis and a role in pathological conditions such as
allergy. ILC2s can upregulate production of cytokines including type 3 cytokines. This
highlights tissue specific regulation of these cells and the importance of studying ILC2s in the
context of specific tissues and pathologies. As ILC2s elicit type 2 immune responses, it suggests
that they are likely to suppress type 1 anti-tumour response and be detrimental in cancer

however this is yet to be fully explored.

1.1.5. Group 3 Innate Lymphoid Cells

Defined by the transcription factor RORyt, ILC3s are divided into NCR" and NCR" cells based
on expression of NKp46. LTi, discovered in 1997, are also regarded as ILC3s and have been
shown to be critical for the development of lymphoid tissue in fetal development (Mebius et
al.,, 1997). ILC3s are predominantly associated with intestinal tissue and are the innate
counterpart of Th17 cells. ILC3 placement in the intestinal tissue occurs during embryogenesis,
primarily with NCR™ ILC3s, which then become NCR" ILC3s predominantly within the small
intestinal tissue. In addition to RORyt, human ILC3s express CD117 (c-kit). NCR" cells are the
“non-inflammatory” cells and are responsible for intestinal homeostasis. Upon activation, NCR"
ILC3s transfer to NCR" ILC3s following stimulation by IL-13 and IL-23 (Teunissen et al.,
2014) through the expression of NKp46 (Nkp44 in human) and account for around 70% of
intestinal ILC3s (Li et al., 2019). In response to stimulation, ILC3s produce IL-17 and 1L-22
(Diefenbach et al., 2014). NCR" cells are the predominant source of IL-17, particularly in
response to viral infection (Jie et al., 2014). IL-17 can act independently or can act
synergistically with IL-22, as shown in a murine model of Candia albicans (Diefenbach et al.,
2014). IL-22 is produced by both ILC3 subsets, but predominantly by NCR" and is critical for

ILC3 response to bacterial infection with Citrobacter rodentium and prevents murine recovery
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(Zheng et al., 2008). As seen with ILC2s and ILCls, ILC3 cytokine production is also driven
by STAT phosphorylation. IL-22 is produced as a result of STAT3 phosphorylation and is
essential for bacterial defence by stimulating goblet cells to produce mucus, and to induce the
release of anti-microbial peptides such as ReglIly (Sugimoto et al., 2008, Zheng et al., 2008).In
mice, NCR" ILC3s are also capable of producing IFNy, however stimulation of human cells
has not replicated this. ILC3s are also the major source of IL-22 in the lung. Infection with
Streptococcus pneumoniae drives ILC3 production of type 3 cytokines which then helps to

eliminate the pathogen (Van Maele et al 2014).

Both human and mice ILC3s produce granulocyte-macrophage colony-stimulator factor (GM-
CSF). Intestinal and lung macrophages release IL-13 which in turn stimulates ILC3s (Mortha
etal., 2014, Kim et al., 2014). In the intestine, ILC3s are the major source for GM-CSF (Mortha
et al., 2014). GM-CSF induces macrophage production of immunosuppressive cytokine IL-10.
IL-10 increases frequency of Treg. In doing so, this prevents intestinal inflammation and drives
immune tolerance. ILC3s are further responsible for immune tolerance within the oral mucosa,

however the mechanism behind this remains unclear.

Tbet is also a key regulator of ILC3 development, particularly NCR" ILC3s which rely on Tbet
to function (Sonnenberg and Artis, 2015). Unsurprisingly, there are similarities between ILC3s
and ILCls, as such they are both required for Th17 stability and promoting T cell infiltration
in a murine model of autoimmune encephalomyelitis (EAE) (Kwong et al., 2017). As a key
player in intestinal inflammation, ILC3s also have a key role in metabolite sensing, and express
Ahr, a ligand dependent transcription factor, which senses dietary metabolites such as
tryptophan and mediate effects of environmental toxins. Ahr maintains cell survival by limiting
cell apoptosis. IL-22 production by ILC3s is dependent on Ahr, and is essential for protection
against C.rodentium infection (Qui et al 2011; Lee et al 2011).

In addition to bacteria response, ILC3s also play an important role in tissue homeostasis. ILC3s
are particularly important for defence against graft versus host disease (GvHD) where, in mice,
IL-22 drives intestinal stem cell recovery following intestinal damage in GvHD and promotes
cellular regeneration (Lindemans et al 2015). Whether this is the case in human, is still to be
determined, however it is likely as an increase ILC3 frequency is observed in patients who do
not develop graft versus host disease (GvHD) following haemopoietic stem cell transplant

(HSCT) (Munneke et al., 2014, Sugimoto et al., 2008).
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In addition to being critical in intestinal homeostasis, as with all ILC subsets, ILC3s are also
capable of driving pathologies. ILC3 production of IL-17 are associated with both allergic lung
inflammation and inflammatory bowel disease (Geremia et al., 2011, Schnyder-Candrian et al.,
2006). ILC3s have been described to play a key role in obesity related asthma. Patients with
severe asthma have elevated frequency of ILC3s within the lung. Furthermore, in the lung of
obsese mice there is a significant increase in IL-1p production from inflammatory
macrophages. This drives ILC3 production of IL-17 and instigates airway hyperreactivity.
Asthma patients have elevated levels of IL-22, suggesting that activation of ILC3s drives
disease in humans (Kim et al., 2014). IL-1 blockade in obese mice prevented the development
of airway hyperreactivity in mice; whether this is directly translational to patients remains to

be determined.

The role of ILCs and driving the adaptive immune system predominantly relies on cytokine and
chemokine production. ILC3s, however, have shown to be capable of expression MHC 1II on
their surface and interacting directly with T cells. As ILCs do not also provide a co-receptor
stimulation, activation through antigen presentation renders T cells, specifically commensal
bacterial- specific CD4" T cells, anergic and drives the induction of cell death. Increased ILC3s
drove a decrease in Th17 numbers, suggesting that ILC3s help to regulate intestinal
inflammation by limiting T cell responses. Dysregulation of MHC II presentation in ILC3s is
associated with paediatric patients with Crohn’s disease, further confirming the ILC3s protect
against intestinal inflammation (Hepworth et al., 2015) . Of note, the capacity of NCRTLC3s
to stimulate CD4" T cells through MHC II expression is dependent on the tissue of origin, and
is downregulated in the small intestine in comparison with splenic cells (Lehmann et al., 2020).
This evidence further suggests that ILCs, particularly ILC3s phenotype is depicted by the tissue
microenvironment, which is critical understanding when assessing the role of these cells within

pathological conditions.

1.1.6. Regulatory Innate lymphoid cells

Tregs are critical for maintaining immune tolerance and immune suppression. As ILC subsets
mirror all the T help cell subsets and CD8" T cell subsets it was sought to determine whether
ILCs also had a regulator subset. ILCregs were identified in 2017 as Lin"CD45"CD127*IL-10"
however had no specific markers (Wang et al., 2017). Unlike other ILC subsets which share
transcription factor expression with their adaptive counterparts, ILCregs do not express

forkhead box P3 (FoxP3) nor any other T cell related transcription factors. ILCregs were shown
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to be activated by autocrine TGF 3 which was critical for cellular expansion (Wang et al., 2017).
IL-10 produced by ILCregs inhibited ILC1 and ILC3 function through inhibiting ILC cytokine
protection and were shown to protect mice against intestinal inflammation (Wang et al., 2017).
In contrast, in the naive intestine, Bando et al were unable to identify LinCD45"CD127*IL-10"
in the absence of stimulation. Furthermore, they found no evidence of ILCregs during intestinal
inflammation in mice (Bando et al., 2020). ILC2s, in this study, were identified as the primary
source of IL-10, however, they were shown to express specific ILC2 makers and IL-10
production was diminished in the presence of TGFP (Bando et al., 2020). As these cells
expressed specific ILC2 markers, it is unlikely that ILCregs were mis-identified for ILC2s and
are in fact a separate subset. There is limited further information regarding the function of
ILCregs and how they might regulate ILC subset function in other tissues remains unknown.

More investigation is required in order to determine the true nature of these cells.

1.1.7. Innate Lymphoid Cell Plasticity

ILC subsets are distinct in function and phenotype however there is mounting evidence to show
that these subsets are not committed and rather, as seen in T cells, ILCs have the ability to
convert between subsets (Gao et al.,, 2017, Bernink et al., 2015, Cuff et al., 2019); a
phenomenon which is driven by tissue derived cytokines. It is important to understand these
conversions as it can significantly impact how tissues respond under pathological conditions

and respond to treatment.

Although within the same group, ILC1 and NK cells are two distinct subsets. NK cells are
associated with a more cytotoxic phenotype. In obese mice, liver resident NK cells acquire an
ILC1 phenotype showing increased expression of CD49a and decreased expression of Eomes.
This alteration in phenotype is driven by TGF[3 which decreased degranulation in NK cells and
cytotoxic activity (Cuff et al., 2019). This was also replicated within the TME whereby TGFf3
drove conversion of cytotoxic NK cells to non-cytotoxic ILC1 phenotype (Gao et al., 2017).
This TFGP driven conversion is dependent on SMAD4 which is required for NK cells stability,

whereby in its absence, NK cells numbers decrease and ILCls are concomitantly increased

(Cortez et al., 2017).

In 2015, Bernink et al demonstrated that there is a strong plasticity between ILC1s and ILC3s.

When ILC3s were cultured in the presence of the type 1 stimulation cytokine IL-12, ILC3s had

diminished production of IL-22 and instead increased production of type 1 cytokine IFNy. The
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same was shown to be true in reverse, whereby ILC1s were able to upregulate the expression
of RORyt and production of IL-22 in response to IL-23 stimulation. This demonstrates that ILC
subsets are not fixed within their subset and phenotype and instead this is strongly driven by
environmental stimulation. This is particularly important to note when considering the potential
contribution of ILC subsets to disease and is a compounding factor when considering ILC

targeted therapies (Bernink et al., 2015).

Plasticity between ILC2 and ILC1 has also been noted. ILC2 plasticity is induced by IL-12,
whereby when ILC2s were cultured with IL-12, they gained a type 1 phenotype and increased
production of IFNy (Lim et al., 2016). Furthermore, in Crohn’s disease patients deficient in IL-
12RB1, ILC2s were unable to exhibit the sample plasticity suggesting that IL-12 is essential for
the plasticity of ILC2s. As ILI2RB] is also required for IL-23 signalling, ILC2s demonstrated
an inability to express IL-23R so it is likely to have an impact on ILC2 plasticity (Lim et al.,
2016).

1.2.Co-receptors

Co-receptors are cell surface receptors found on immune cells which, once activated, initiate
biological signalling cascade and modulate immune cell function. Co-receptors can broadly be
divided into co-stimulatory or co-inhibitory. As the name suggests, upon activation through
ligand binding, co-stimulatory receptors drive cellular processes such as proliferation and
cytokine production. Co-inhibitory receptors provide a “brake” and block cell activity and in
some cases can initiate apoptosis. Co-receptor signalling has been best characterised in T cells
where signalling is essential for complete T cell activation. Recently, however, the requirement
for co-receptor signalling in ILCs has become apparent with ILCs demonstrating expression of
several co-receptor molecules as well as expression of the appropriate ligands (Schwartz et al.,
2017, Halim et al., 2018, Salimi et al., 2018, Maazi et al., 2015, Dong et al., 2017). Activation
of naive T cells requires co-receptor signalling in addition to activation of the T cell receptor
(TCR). TCR activation itself is insufficient in inducing T cell activation and instead renders the

cells in a state of anergy (Schwartz, 2003).

For TCR activation, antigen presenting cells (APCs) present antigens to the T cell through
major histocompatibility complexes (MHC). These can be divided into either MHC class I or
MHC class II. Class I present antigen to CD8" T cells and present antigens which are 9 amino

acids in length (Peaper and Cresswell, 2008). Conversely, CD4" T cells respond to antigens
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presented by MHC class Il molecules, which usually consist of more than 9 amino acids
(Rudensky et al., 1991). It is this resulting MHC:TCR complex which initiates the downstream
signalling pathway. It is at the point where co-receptor signalling is required in order to fully
activate T cells (Mueller et al., 1989, Boise et al., 1995). Of note, T cells also require a third
signal in the form of cytokine stimulation which are usually produced by innate immune cells
in the tissue microenvironment. This third signal is specifically required for T helper cell
differentiation. For example, IL-12 produced by dendritic cells can activate CD8" cell cytotoxic
responses in order to elicit anti-tumour responses (Chowdhury et al., 2011, Kerkar et al., 2010,
Heufler et al., 1996). All three T cell activation signals have now been targeted within the clinic

as anti-cancer therapies and for the treatment of autoimmune diseases.

CAR-T cell therapy utilises MHC:TCR activation. TCR present on T cells extracted from
patient’s tumours can be genetically modified in order to recognise specific tumour
neoantigens. These cells can then be expanded and introduced into the patient whereby they are
able to mount a specific immune response against the tumour (Reviewed by (Waldman et al.,
2020). Cytokine stimulation has also been utilised therapeutically for cancer treatment by
boosting T cell responses. These therapies include IFNy, IL-2, IL-12 and GM-CSF. These have
shown to be successful within the clinic, though have demonstrated highest efficacy when used

in combination with anti-co-receptor treatments (Conlon et al., 2019).

CD28 was the first co-stimulatory molecule to be described in T cells which and is the most
widely described. CD28 binds to its ligands either CD80 (B7-1) or CD86 (B7-2) which are
expressed by APCs (Azuma et al., 1993, Koulova et al., 1991). Although CD80 is constitutively
expressed by APCs, whereas CD86 is upregulated on APCs in response to T cell activation
(Paine et al., 2012). Activation of CD28 leads to the activation of the mTOR (mechanistic target
of rapamycin) signalling pathway and the phosphorylation of P13K. CD28 is responsible for
driving T cell proliferation and cytokine production, however, the absence of CD28, although
there is a reduction in proliferation, there is not complete ablation of T cell cytokine production
and proliferation (Shahinian et al., 1993, Green et al., 2000) suggesting that CD28, although
important, is not critical for T cell activation and that other stimulatory co-receptors may be

able to compensate.

Targeting co-receptor signalling for anti-cancer therapies has shown to be particularly
promising within the clinic. In particular, the blockade of negative co-receptors cytotoxic T-

lymphocyte associated protein —4 (CTLA-4) and PD-1 are now actively used in the clinic either
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as monotherapies or in combination to treat several cancers including melanoma, ovarian cancer

and non-small cell lung cancer.

ILC subsets mirror T helper cell subsets in immunological response and function. Similarly to
T cells, ILCs have also been shown to both express and be regulated by co-receptor signalling.
Many co-receptors, both stimulatory and inhibitory, have been shown to be expressed by ILCs
and also more have shown to functionally modulating ILCs. Below ILC regulation by co-

receptor signalling has been discussed.

1.2.1. Inducible T Cell Co-Stimulator

Inducible T cell co-stimulator (ICOS) is a stimulatory co-receptor which is a member of the
CD28 family (Simpson et al., 2010). In T cells, ICOS expression is rapidly upregulated follow
TCR activation and has been shown to be critical for T cell activation and immune response
(McAdam et al., 2000, Dong et al., 2001). In T cells, activation of ICOS by its ligand (ICOS-
L), results in the recruitment of p50a; a subunit of phosphatidylinositol (3,4,5)- trisphosphate
(PIP3), and then signals through the PI3/AkT/mTOR pathway (Fos et al., 2008). ICOS-L is
expressed by APCs, B cells and ILCs which is driven by TNFa (Swallow et al., 1999). Absence
of ICOS signalling in T cells results in diminished T cell function, in particular ICOS deficient
Th17 cells have reduced capacity to mount an immune response against bacterial infection

(Kadkhoda et al., 2010).

ILC2s have been shown to have the capacity to express both ICOS and ICOS-L. ICOS
signalling in ILC2s is critical for cellular proliferation and cytokine production. In ICOS”" mice,
ILC2s demonstrate decrease in Bcl2 expression coupled with reduced cellular viability. 1L-33
activates ILC2s through STATS signalling to produce type 2 cytokines, a pathway that is
significantly reduced in mice which lack ICOS (Maazi et al., 2015, Paclik et al., 2015). Patients
with idiopathic pulmonary fibrosis (IPF) were shown to have reduced numbers of ICOS*TILC2s,
with murine models showing ICOS is required for IL-5 production and eosinophil infiltration

(Hrusch et al., 2018).

1.2.2. 0X40
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0X40 is a co-stimulatory molecule which binds that is a member of the tumour necrosis factor
receptor superfamily (TNFRSF) and is activated by its ligand OX40L which is expressed by
most APCs (Aspeslagh et al., 2016). In T cells, OX40 activation signals through the Nf-kB and
results in an increase Bcl, T cell activation and survival. Within T cells, OX40 not only drives
cell survival but is also capable of supressing Treg activity (So and Croft, 2007) Absence of
0OX40 in T cells leads to an inability to proliferate and a diminished secretion of IFNy (Kopf et
al., 1999).

OX40L has been shown to be expressed by both ILC2s and ILC3s however there is no evidence
showing expression of OX40. STATS5 phosphorylation, in ILC2s, drives surface expression of
OX40L (Deng et al., 2020). This OX40L on ILC2s directly activates OX40 on CD4" T cells
which induces T cell polarisation to a Th2 phenotype and induces production of type 2
cytokines in a murine model of airway inflammation (Halim et al., 2018).When ILC2s cultured
with CD4" T cells and aOX40L, there was a significant decrease in cytokine production (Wu
et al., 2019, Drake et al., 2014).This suggest that’s ILC2s induce T cell cytokine production
through activation of the OX40 receptor; however further investigation is required to fully
establish the 0X40:0X40L axis in ILCs and T cells (Drake et al., 2014, Halim et al., 2018). In
a murine model of colitis, NCRTLC3s were the predominant source of OX40L (Deng et al.,
2020).1t is likely that ILC3s directly interact with intestinal Tregs, as co-localisation of both
cell types was demonstrated within the cryopatches. Ultimately, ILC3 expression of OX40L
was shown to be critical for intestinal Treg homeostasis, whereby in the absence of
OX40L"ILC3s, Tregs failed to expand and there was a significant increase in apoptotic cells

(Deng et al., 2020).

1.2.3. Glucocorticoid-induced Tumour necrosis factor Receptor

Glucocorticoid-induced Tumour necrosis factor Receptor (GITR) is a co-stimulatory molecule
expressed by both CD4" and CD8" T cells which stimulates T cell expansion and cytokine
production (Sabharwal et al., 2018). The ligand of GITR, GITR-L, is expressed by APCs,
endothelial cells and also by activated T cells (Reviewed in (Tian et al., 2020). In order to boost
T cell response, GITR activation can suppress regulatory T cell function (van Olffen et al.,
2009). All three ILC subsets have demonstrated the ability to express GITR however to date,

only ILC1s and ILC2s have demonstrated a functional regulation by this co-receptor.
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GITR expression on ILCI drives cellular production of IFNy and TNFa, with relatively low
expression of GITR increasing ILC1 function (Vashist et al., 2018). GITRM ILCls
demonstrated an exhausted phenotype and diminished cytokine production indicating that
GITR could be instrumental in inducing tolerance. In activated ILC2s, GITR was shown to
signal through the NF«xB pathway to induce proliferation and cytokine production. Through
GITR signalling, ILC2s were able to reverse diabetes in mice fed high fat diets (Galle-Treger
etal.,2019). In ILCs isolated from human tonsil, both NKp44* and NKp44-ILC3s were capable
of expressing GITR (Nagasawa et 2019). Conversely, Nagasawa et al, showed in their paper
that ILC2s isolated from human PBMCs did not express GITR. This demonstrates the
importance and need to consider the differences that may occur in non-tissue resident subsets
versus tissue resident ILCs when assessing co-receptor expression. GITR expression was
demonstrated in ILC2s which were isolated from visceral adipose tissue (VAT), which is a
highly inflammatory tissue which could indicate that expression of GITR relies stimulation
from the tissue microenvironment or may raise an interesting question as to the phenotypic

differences between migratory ILCs and tissue resident ILCs.

1.2.4. Death Receptor 3

Death receptor 3 (DR3) is a co-stimulatory molecule is expressed by CD4" and CD8" T cells,
NK cells and has recently been identified to be expressed in ILC subsets (Twohig et al., 2012).
DR3 is activated by its ligand TNF-like 1A (TL1A), which is predominantly expressed by APCs
following stimulation of TLRs (Reviewed in (Meylan et al., 2011)). In T cells, activation
through DR3 promotes cellular proliferation and cytokine production (Twohig et al., 2012).
Conversely, studies have also identified DR3 activation to enhance Treg expansion and thus is

indicative that DR3 signalling may play a role in immunosuppression (Bittner et al., 2017).

ILC2s and ILC3s have both been identified as being regulated by DR3 signalling (Shafiei-
Jahani et al., 2020, Li et al., 2019). In ILC3s, IL-23 dependent activation of DR3 by TL1A and
signals through the MAPK pathway to induce cytokine production. Increased production of
GM-CSF, in particular, was shown to increase eosinophil, neutrophil and myeloid cell
infiltration resulting in a decrease ILC3s, providing a negative feedback loop (Li et al., 2019).
This reduction in ILC3s was able to reduce intestinal inflammation in a murine model of colitis
and protect against intestinal inflammation (Li et al., 2019). ILC2s were also shown to be
activated by DR3 signalling which occurred in an IL-33 dependent manner (Shafiei-Jahani et
al., 2020). Together this suggests that, as with the other stimulatory molecules, ILCs require
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activation prior to further stimulation through DR3. In ILC2s, however this activation was
shown to occur through increased expression of p52 and signalling through the NF«xB pathway
(Shafiei-Jahani et al., 2020). In the case of ILC2s, increased activation through DR3 lead to
increased cytokine production and ultimately a protection against insulin resistance in mice fed

with a high fat diet (Shafiei-Jahani et al., 2020).

1.2.5. Herpes Virus Entry Mediator

Herpes Virus Entry Mediator (HVEM) is a co-stimulatory molecule which binds to one of its
four ligands; B and T lymphocyte attenuator (BTLA-4), CD160, synaptic adhesion-like
molecule 5 (SALMS) and LIGHT which is a member of the TNF (tumour necrosis factor)
family (Murphy and Murphy, 2010, Shui and Kronenberg, 2013). In T cells, ligand induced
oligomerization of HVEM leads to the recruitment of TRAF2 (TNF receptor-associated factor
2). This then activates nuclear factor kappa b (NF-«xB) which results in T cell activation
(Marsters et al., 1997, Cheung et al., 2009). In ILC3s, HVEM activation by LIGHT induces
production of IFNy (Seo et al., 2018). When HVEM s specifically knocked out of RORyt"
cells, there was a significant reduction in murine survival against bacterial infection and no
changes were observed in CD4" T cells suggesting that HVEM:LIGHT signalling may occur
exclusively in ILC3s, as opposed to RORyt" CD4" T cells. When LIGHT was absent there was
a significant reduction in ILC3 production of IFNy which was coupled with a reduction in

murine survival in response to Yersinia infection (Seo et al., 2018).

1.2.6. Cytotoxic T-lymphocyte-associated protein 4

Inhibitory co-receptors have a critical role in immune cell regulation and restoring immune
balance. Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) is an inhibitor receptor which
competes with stimulatory co-receptor CD28 for binding with receptors CD80 and CD86 in
order to inhibit T cell activity. This has been shown to be critical for murine survival, whereby
knockout mice were shown to be unable to survive past 3 weeks of age following extensive
lymphoproliferation (Tivol et al., 1995). CTLA-4 is upregulated following T cell activation,
where it then binds with higher affinity to the receptor in order to suppress T cell activation and
restore immune balance (Linsley et al., 1992, van der Merwe et al., 1997). This is true on all T
cell subsets, with the exception of Tregs, where CTLA-4 is constitutively expressed and is
critical for their function (Rudd et al., 2009, Takahashi et al., 2000). CTLA-4 blockade was first

tested by Allison et al in a murine model of colon cancer and fibrosarcoma where it was able
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to boost anti-tumour immunity (Leach et al., 1996) and Ipilimumab is now used in the clinic to
treat melanoma and renal cell carcinoma, however due to the severity, many side effects are
associated with the treatment. CTLA-4 expression on ILCs has been shown in human breast
and gastrointestinal tumours, with the highest expression shown in ILC2s. Although expression
is shown in ILCI and ILC3s, within PBMCs expression is barely detectable (Salimi et al.,
2018). In line with this, tumour resident ILCls were shown to have increased CTLA-4
expression in comparison with tumour resident NK cells (Gao et al., 2017). Although no
functional data has been shown to describe CTLA-4 activity in ILCs, Gao et al described the
ILC1 subset as less effector more helper like phenotype which suggests that CTLA4 may play

a similar inhibitory role on ILCs as it does in T cells, however this is yet to be confirmed.

1.2.7. Programmed Cell Death — 1

PD-1 is a 288 amino acid type 1 transmembrane protein with an immune-receptor tyrosin switch
motif (ITSM) (Chemnitz et al., 2004). and is a member of the immunoglobulin domain co-
receptors. PD-1 is not constitutively expressed on T cells rather is upregulated following
stimulation. This upregulation is not rapid, and only occurs 24 hours post activation (Chemnitz
et al 2004) (Ishida et al., 1992). PD-1 activation restricts T cell activity and proliferation in
order to prevent excessive T cell activation (Agata et al., 1996). In contrast to T helper cells,
Tregs demonstrate constitutive expression of PD-1 (Dong et al., 2017). PD-1 binds to its
ligands; programme death ligand (PDL) 1 and 2. PDL-1 is widely expressed on many cells and
tissues types. PDL-2 expression is restricted to APCs including dendritic cells and macrophages
(Shi et al., 2014). The binding of either PDL-1 or PDL-2 to PD-1 recruits SHP2 to the ITSM
tail of the PD-1 receptor (Ishida et al., 1992, Chemnitz et al., 2004, Fife et al., 2009). This
results in the blockade of ZAP70, RAS and PI3K which blocks the activation of the TCR,
resulting in the reduction of T cell activity. The activity of PD-1 is tightly regulated by
transcription factors such as Tbet, which suppresses PD-1 during a chronic LCMV infection

model in maintain a defence (Kao et al., 2011) (Figure 1.3.).

PD-1 activation results in the attenuation of T cell activity and proliferation and is important
for restoring immune balance. PD-1 is important for immune tolerance, and although ablation
is not as catastrophic as CTLA-4, whereby mice are incapable of surviving into adulthood, mice
will develop autoimmune disorders at a later stage of life including lupus-like
glomerulonephritis or cardiomyopathy; pathologies are dependent on the genetic background

of the mice (Nishimura et al., 1999, Nishimura et al., 2001). Although it is a less severe
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phenotype, this still highlights the importance of PD-1 for self-tolerance. In the absence of PD-
1, mice are unable to response to LCMYV infection leading to murine death (Youngblood et al.,
2011). The absence of PD-1 also results in excessive inflammatory responses which are
detrimental in viral infection and drive an accelerated onset of type 1 diabetes (Lazar-Molnar

etal., 2010, Ansari et al., 2003).

PD-1 also plays an important role in T cell metabolism. T cells have specific metabolic profiles
which are associated with T cell function. For example, senescent T cells with low activity
favour oxidative phosphorylation which is efficient but slow. Contrary to this, highlight active
effector T cells favour glycolysis which, although is less efficient is capable of providing the
rapid energy required for cellular activation, cytokine production and proliferation (Reviewed
by (Buck et al., 2015). PD-1 has been shown to regulate T cell metabolism. PD-1 inhibits
phosphoinostide-3-kinase (PI3K) (Parry et al., 2005). Specifically, PD-1 also inhibits glucose
uptake and glutamine metabolism which is driven by TCR and CD28 signalling cascade. As a
result, this promotes fatty acid oxidation and favours oxidative phosphorylation resulting in a

senescent cell phenotype (Patsoukis et al., 2015).
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Figure 1.3 Programmed Cell Death — 1 Signalling Pathway. Upon binding to its ligands
(programmed death ligand (PDL)-1 or 2), PD-1 recruits Sc homology region 2 domain
containing phosphatase (SHP) 2 to the immunoreceptor tyrosine-based switch motif (ITSM) on
the cytoplasmic tail. PD-1 signalling can inhibit T cell receptor (TCR) signalling and activation
through CD28 signalling. In hepatises C virus (HCV) Tregs, the signalling can inhibit signal
transducer and activator of transcription 5 (STATS) phosphorylation. PD-1 inhibition is
indicated by T bars; solid arrow indicate TCR and CD28 signalling pathways. Taken from
Mallett et al (Mallett et al., 2019).

In order to improve patient response to therapy it is important to consider how PD-1 functions
in all immune cell subsets as research has traditionally focused on PD-1 signalling in T cells,
particularly CD8" T cells. PD-1 expression in tumour associated macrophages is associated
with accelerated tumour development and correlated with a decreased phagocytosis (Gordon et
al., 2017). Of note, in macrophages, blockade of PD-1 drives a reduction in tumour growth,
suggesting that PD-1 therapy is beneficial for macrophages as well as T cells. As PD-1 has
recently been described as regulating ILCs, it is important to understand how removing this

inhibitor might ILC responses to tumour.
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PD-1 is the first negative co-receptor to be identified on ILCs (Taylor et al., 2017)(Figure 1.4.).
Of note, ILC2s have been shown to express both PD-1 and PDL-1(Schwartz et al., 2017). PD-
1 was first shown to negatively regulate ILC2s in a murine model of helminth infection. In the
absence of PD-1, mice demonstrated a significant increase in ILC2s within tissues following
IL-33 stimulation. PD-1 was shown to regulate ILC2 cytokine stimulation through blockade of
the phosphorylation of STATS, which reduce cytokine production and proliferation. It was also
demonstrated that ILC2s can be clinically targeted by aPD-1 therapy, whereby in a murine
model of helminth infection, PD-1 blockade resulted in a significant increase in the ability of
mice to clear worm burden and helminth infection (Taylor et al., 2017). ILC2s play a key role
in metabolic distribution, and mice fed a high fat diet demonstrated a significant increase in
PD-17ILC2s and diminished ILC2 function. PD-1 was shown to be driven by TNF stimulation
of IL-33 (Oldenhove et al., 2018) . In T cells, PD-1 is upregulated following activation, and
data suggests this could be the case within ILCs as PD-1 expression is upregulated in response
to IL-33 stimulation. Recent studies have further evaluated the role of PD-1 in regulating ILC2s,
whereby, in a murine model of airway inflammation, PD-1 drove changes in ILC2s metabolism

by reducing cellular glycolysis and promoting fatty acid oxidation (Patsoukis et al., 2015).

Human studies have demonstrated that, in addition to ILC2s, ILC1 and ILC3s are capable of
expressing PD-1. In human decidua tissue, ILC3 express PD-1 during the first trimester of
pregnancy (Vacca et al., 2019). In vitro stimulation with IL-23 and IL-13, demonstrated that
PD-1 was able to negatively regulate decidua ILC3 IL-22 production. Notably, there was a
significant decrease in PD-1 expression ILC3s during the third trimester of pregnancy (Vacca
et al., 2019) suggesting that PD-1 expression maybe driven by environmental stimulation of
ILCs. In human breast cancer and gastrointestinal tissue, all ILC subsets were shown to be
capable of expressing PD-1 (Salimi et al., 2018) however whether PD-1 is capable of regulating

all ILC subsets under these conditions remains yet to bet determined.
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Figure 1.4.: Programmed death- 1(PD-1) signalling in innate lymphoid cells (ILCs).
During immune challenges such as parasitic infections, alarmins such as IL-33 are released
which activated ILC2s via ST2 (IL-33R). This activation results in the phosphorylation of
signal transducer and activator of transcription (STAT) 5 and results in cellular proliferation
and cytokine production. PD-1 activation inhibits the phosphorylation of STATS in ILC2s
and thus inhibits cellular activation. PD-1 is expressed by both ILCls and ICL3s; with
evidence to show decreased IL-22 production by ILC3s upon activation in human decidua
tissue. Adapted from Mallett et al 2019 In.J.Mol.Sci (Mallett et al., 2019).

1.3.Co-receptors and Cancer Therapy

The TME is the direct area surrounding tumour cells which encompasses a multitude of cells
including immune cells (e.g. T and B cells, macrophages, dendritic cells and MSDCs),
fibroblasts, vascular endothelial cells and the cancerous cells themselves. Interactions between
these cells and the secreted factors within the TME directly influence and drive tumour

progression, tumour metastasis and the ability of cancer cells to evade immune detection.

Recruitment of immune cells, such as T cells, into the TME is critical for successful responses
to immunotherapies. CD8" T cells and Thl cells are the primary adaptive immune cells which
are responsible for anti-tumour responses through the production of IFNy, granzyme and
perforins. This was first demonstrated in ovarian cancer patients where the absence of
intratumoural CD3" T cells significantly diminished the rate of patient survival. TMEs which
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contained T cells, also had significantly increased T cell attractant cytokines compared with
those which lacked T cells, which demonstrated a significant increase in vascular endothelial
growth factor (VEGF; (Zhang et al., 2003). This is critical to note as VEGF not only promotes
angiogenesis within the tumour, it’s also a key immunosuppressive factor (Reviewed in (Yang
et al., 2018)). Crucially, VEGF drives expression of CD8" T cell exhaustion markers including
Tim-3, CTLA-4 and PD-1 (Voron et al., 2015). PD-1" B cell population has also been identified
within the TME of several cancers including squamous cell carcinoma (SCC) and hepatic cell
carcinoma ((Xiao et al., 2016, Mao et al., 2019)). Activation of PD-1 by its ligand PDL-1
induces production of anti-inflammatory cytokine IL-10 which diminished CD8* T cell
immunity and allowed tumour progression; an observation which was reversed with aPd-1
(Xiao et al., 2016). Induction of PD-1 expression on adaptive immune cells is particularly
important for patient response to aPD-1 therapy and it is important to note that PD-1 does not

just play a critical role in the regulation of adaptive immune cells.

Innate immune cells, such as macrophages and dendritic cells, can destroy tumour cells through
phagocytosis, inducing inflammation and recruiting adaptive immune cells. The TME,
however, can drive macrophages towards a suppressive M2 phenotype which decreases ability
to phagocytose and initiate an immune response (Gordon et al., 2017). PD-1 expression within
the TME was demonstrated primarily on M2-like macrophages where expression was then
linked with a decreased ability to phagocytose (Gordon et al., 2017). In colorectal cancer
patients, PD-1" M2-like macrophages were associated with late-stage disease and poor
prognosis. /n vivo models demonstrated, these cells were able to be skewed towards promoting
anti-tumour responses (Gordon et al., 2017). PD-1 was shown to increase on myeloid cells
along with tumour progression, whereby absence of PD-1 specifically within myeloid cells was
shown to significantly inhibit tumour progression within mice (Strauss et al., 2020). Dendritic
cells express both PD-1 and PDL-1 in the ovarian cancer TME (Krempski et al., 2011). Anti-
PD-1 therapy within mice with ovarian cancer showed reduced tumour growth as well as
dendritic cell and CD8* T cell activity (Krempski et al., 2011). Dendritic cells were shown to

be critical for successful use of anti PD-1 therapy (Sanchez-Paulete et al., 2016).

TME cells are able to do this through several mechanisms including upregulation of co-receptor
ligands such as PDL-1 (Zou and Chen, 2008). This upregulation of PDL-1 on tumour cells can
directly dampen T cell and other immune cell responses against the tumour development and
allows them to evade immune detection. Expression of PDL-1 on the tumour cells can indicate

patient responsiveness to therapy. Patients with metastatic melanoma showing a higher than
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5% PDL-1 expression in tumour cells showed an increase survival in response to nivolumab
treatment (increase from 53% to 81.5%) (Weber et al., 2015). Melanoma cells have
demonstrated a sub-population of PD-1" tumour cells present within the TME. Conversely to
immune cells, PD-1 within melanoma cells was shown to drive tumorigenesis; a mechanism
which could be reversed with anti-PD-1 therapy. In patients, high expression of rpS6 (ribosomal
protein S6) within tumour cells were correlated with increased survival and enhanced prognosis
(Kleffel et al., 2015). Furthermore, following anti-PD-1 therapy, patients demonstrated a
decrease in rpS6 expression (Kleffel et al., 2015). This highlights the relationship between PD-
1 signalling pathway and mTOR signalling pathway within tumour cells. This highlights that
anti-PD-1 therapy, in addition to enhancing immune cell, may directly target tumour cells in
addition to immune cell subsets (Kleffel et al., 2015). Research has focused on the implications
of blocking PD-1 signalling on T cell subsets, however data is clearly indicative that therapy
may directly target tumour cells and further data has demonstrated that PD-1 may also target

innate immune cell subsets.

Immune checkpoint inhibitors are used successfully within the clinic, in particular those which
target CTLA-4 and PD-1. Therapies which target PD-1 are particularly successful within the
clinic, with both pembrolizumab and nivolumab in the top 10 selling pharmaceuticals in 2020
(Urquhart, 2021). Nivolumab and other anti-PD-1 therapies are now used to target a wide
variety of cancers including Hodgkin’s lymphoma, melanoma and ovarian cancer (Callahan et

al., 2016, Topalian et al., 2012).

Melanoma is regarded as a highly aggressive form of skin cancer which occurs from mutations
within melanocytes. In early stages of disease, surgical treatment is the primary treatment
option and is the preferred treatment option with survival rates exceeding 92% (Ralli et al.,
2020). Survival and prognosis, however, is significantly diminished once metastasis has
occurred where there is only 23% rate of survival (Ralli et al., 2020). Patients who received
monotherapy treatment showed an increased survival rate (70.5% versus 60.8%) when treated
with nivolumab versus ilipumab. (Weber et al., 2015). Treatments using either ipiliumab or
nivolumab showed significant adverse effects within the clinic. In mice, absence of CTLA-4
has more severe consequences than absence of PD-1. Unsurprisingly, patients receiving
ipiliumab had a higher incidence and severity of adverse side effects compared with treatment
with nivolumab (Weber et al., 2015). Reported side effects from anti-PD-1 therapies include
side effects that effect the respiratory system and can result in musculoskeletal problems

(Zimmer et al., 2016). Of note, some patients still remain unresponsive to PD-1 therapies and
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this highlights the lack of understanding of the exact mechanisms behind how these therapies
work. Data has suggested that patient response may be dictated by immune cell infiltration,
expression of co-receptors ligands such as PDL-1 and suggestions that response may be
modulated through the gut microbiome (Gopalakrishnan et al., 2018). Research is now
expanding from focusing on adaptive immune cells to identify the contribution of innate
immune cells. Contribution of macrophages, dendritic cells and MDSCs has been discussed
however the contribution of ILCs to tumour development, progression and therapeutic
responses remains unclear. Furthermore, although some regulation of ILCs by PD-1 has been
noted, this has not truly been investigated. If ILCs do in fact respond to PD-1 therapy it is

critical to understand this regulation in order to understand patient responsiveness in the future.

14. Innate Lymphoid Cells in Cancer

As discussed, many cells are present within the TME, however of the immune cells present the
vast majority are regulatory which results in a dampening of immune responses and an inability
of an immune response to be launched against tumour development. Tumour cells themselves
have evolved to protect them whereby they are able to upregulate expression of PDL-1. In doing
so, tumour cells attenuate T cell activation, particularly CD8" T cells which provide the anti-
tumour immune response and thus tumours are able to avoid immune responses (Juneja et al.,
2017). This is partly why immunotherapies targeting PD-1 have been shown to be successful
within the clinic. The success of these therapies relies on T cell infiltration within the TME
therefore problems arise in solid tumours which have poor immune cell infiltration. Thus, a
larger importance should be placed on the potential benefits of targeting ILCs. As ILC are tissue
resident cells, there should not be a requirement of ILCs to infiltrate the TME. As PD-1 has
been shown to be expressed by ILCs and importantly can be regulated by PD-1 within the
tumour microenvironment it is important to understand how ILCs contribute to tumour biology.
If ILCs contribute to anti-tumour responses, then boosting ILCs within the TME could be
extremely beneficial as cytokines produced by ILCs can encourage T cell migration into solid
tumours with poor immune infiltration. Conversely, if ILCs contribute to tumour development
and progression, taking away inhibitory signalling pathways such as PD-1 signalling could be
a detrimental to treatment and also provide an explanation as to why some patients are not
responding to treatment. This demonstrates that understanding ILC biology is critical to fully
elucidating and enhancing effective anti-cancer therapies. To add complexity to this issue, not

only have all ILC subsets been shown to be present within the TME (Salimi et al., 2018), they
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have also demonstrated to both promote tumour development and also to provide anti-tumour

responses highlighting that ILC biology is not straight forward (Figure 1.5.)

1.4.1. Group 1 ILCs

NK cells have been well characterised in their contribution to tumour development (Melaiu et
al., 2019). For example, NK cells can produce proinflammatory cytokine CCLS, which can
induce tumour infiltration of dendritic cells; aiding within immune control over the tumour
(Bottcher et al., 2018). There is little evidence, however, demonstrating the direct role of ILC1s

in tumour development.

As there is limited research in the direct implications of ILC1 in cancer progression, to
understand whether ILC1s contribute to or hinder tumour development, research into the impact
of cytokines produced by ILC1s, showing potential indirect tumour responses has been critical.
As previously described, ILCls are a key producer produce IFNy. IFNy was shown to be
beneficial in murine cancer models. By acting directly on the tumour cells, IFNy induces major
histocompatibility complex (MHC) class I expression which enhances T cell infiltration into
the tumour in order to elicit anti-tumour responses. Consistent with these findings, ablation of
IFNy was shown to increase tumour angiogenesis, tumour growth and reduce immune cell
infiltration into the tumour (Martini et al., 2010, Nakajima et al., 2001, Beatty and Paterson,
2001). IFNy, in addition to TNFa, drives dendritic cell maturation and survival. In doing so,
dendritic cells produce IL-12 and stimulate cytotoxic CD8" T cells which are capable of
mounting sufficient immune response against tumour tissue (Pan et al., 2004). During early
viral infection, ILCl1s are the predominant source of IFNy and as evidence suggests that [FNy
provides anti-tumour responses, it could be assumed that ILCls also provide an anti-cancer
response similar to what is seen in NK cells. In precancerous tissue, a significant increase in

tissue resident IL-15 dependent ILC1s which capable of mounting a cytotoxic defence has been

observed (Dadi et al., 2016).

There is also sufficient evidence to suggest that ILC1s may be detrimental to tumour protection.
In patients with acute myeloid leukaemia, there is a significant increase dysfunctional
circulating ILC1s which had a diminished capacity to produce IFNy; an observation which was
replicated in patients with chronic lymphocytic leukeamia (Trabanelli et al., 2015, de Weerdt
et al., 2016). TGFp in the TME drives the conversion of CD49b" NK cells through a

38



CD49a*CD49b" intermediate to CD49a* ILC1s which downregulated expression of EOMEs
and increased expression of TRAIL, confirming ILC1 phenotype. CD49a" ILCls show an
increased expression of negative co-receptors CTLA-4 and PD-1, and a reduction in the
production in IFNy production ultimately resulting in an inability to provide adequate anti-
tumour defence which NK cells normally demonstrate (Gao et al., 2017). This conversion is
dependent on SMADA4, a signalling transducer required for TGF[f signalling, which also drove
NK cells to acquire an ILCIl-like phenotype and impaired protection against tumour
development (Cortez et al., 2017). In line with this, absence of TNFa reduced tumour formation
in both colon and skin cancer (Popivanova et al., 2008, Scott et al., 2003). Notably, an ILCI
subset (CD56°CD3") was shown to directly suppress infiltration of both CD4"and CD8" T cells
as well as supressing T cell production of IFNy. A dramatic increase in survival was noted in
ovarian cancer patients who lacked regulatory CD56"CD3" compared with when those cells
were present within the TME (Crome et al., 2017). TNFa blockade in a rat model of colon
cancer resulted in increased tumour formation and demonstrated absence of TNFo was able to
promote dendritic cell infiltration and T cell production of IFNy (Larmonier et al., 2007). In
colorectal cancer, however, ILC1s were shown to be significantly reduced in late stage disease
and demonstrated diminished ability to produce IFNy (Wang et al., 2020). This suggests that
ILCls, in contradiction to Gao et al and Crome et al, drive anti-tumour responses. These data
highlight the inconsistency in the current research and the lack of understanding of the

contribution of group 1 ILCs to cancer progression.

1.4.2. Group 2 ILCs

The role of ILC2s in tumour development remains ambiguous. ILC2s have been shown to be
present in many human cancers including mesothelioma, lung, breast and gastrointestinal
cancers (Tumino et al., 2019, Salimi et al., 2018). ILC2s are increased in the peripheral blood
of patients with acute promyelocytic leukaemia (APL) and gastric cancer (Trabanelli et al.,
2017, Bie et al., 2014). However low numbers of ILC2s within the TME means that the role of
ILC2s is more problematic to identify. In gastric cancer, increased circulating ILC2s has been
associated with skewing Th2 response and poor clinical outcome (Bie et al., 2014). In murine
breast cancer models, activation of ILC2s through the IL-33 axis drives tumour progression
through increase tumour infiltration of Tregs and immunosuppressive macrophages coupled

with a decrease in cytotoxic NK cells (Jovanovic et al., 2014). Decrease in NK cells and the
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ability of NK cells to produce granzyme and IFNy is specifically driven by IL-33 activated
ILC2s and results in an increase in tumour development and metastasis (Schuijs et al., 2020).
NK cell function is suppressed through IL-33 driving increased expression of ectoenzyme
CD73 on ILC2s; whereby in the absence of CD73, NK cell frequency and function is
sufficiently increased (Long et al., 2018). This highlights the capability of ILC2s to skew the
immune response to favour type 2; which is detrimental for anti-tumour responses. In addition
to suppressing NK cells, ILC2s can also drive tumour progression through the production of
type 2 cytokines. IL-13, produced by ILC2s, specifically drives tumour infiltration of M2
macrophages as well as myeloid derived suppressor cells (MDSCs); both key
immunosuppressive innate immune cells. MDSCs express IL-13Ral. Prostaglandin D2 is
produced by tumour cells and binds to CRTH2 receptor on human ILC2s. Cytotoxicity receptor
Nkp30 is activated by tumour bound B7H6. Activation of both CRTH2 and Nkp30 drives ILC2
production of IL-13. This activates the IL-13Ral, increasing MDSC proliferation and tumour
progression; a process which can be prevented in the absence of prostaglandin D2 and aNKp30.
Patients with non-muscle invasive bladder cancer demonstrated decreased reoccurrence rate
with low MDSC:T cell ration; potentially suggesting a predictive biomarker in the future

(Trabanelli et al., 2017) (Chevalier et al., 2017).

Amphiregulin, another product of ILC2s, is also capable of inhibiting anti-tumour responses by
increasing Treg presence within the TME (Zaiss et al., 2015). Type 2 cytokines, such as IL-4,
may further contribute to tumour progression by skewing T cell responses as to favour a Th2
response over a Thl response, and as Th1 cells are associated with an anti-tumour response this

results in an increase in tumour formation (van Beek et al., 2016).

Although there is data showing ILC2s can drive tumour development, there are still several
studies demonstrating a protective role of ILC2s against tumour development. IL-33 driven IL-
5 was shown to drive eosinophil infiltration into the TME, which was then associated with
decrease tumour progression and reduced metastasis in a murine model of lung cancer (Ikuntani
et al 2012). This increase in eosinophil infiltration was replicated in a murine model of
lymphoma which was coupled with an increase in ILC2s and a decrease in tumour growth (Kim
et al., 2016). Furthermore, IL-33 induced ILC2s were also shown to provide protection against
pancreatic cancer development. Here, ILC2s produced CCLS which was able to promote
CD103" dendritic cells which then stimulated CD8" T cells leading to a robust anti-tumour
response (Moral et al., 2020). As with ILC1s and TGF[, tumour cells limit ILC2s anti-tumour

response through the production of lactic acid which reduced ILC2 tumour infiltration and high
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levels were associated to rapid increase in tumour development (Wagner et al., 2020). In
colorectal cancer, PD-1 expression on ILC2s is increased in late stage disease which directly

drives an increase in tumour cell proliferation (Wang et al., 2020).

1.4.3. Group 3 ILCs

As with ILC1 and ILC2, ILC3s also have a role in cancer development, however the role of
ILC3s in cancer development has almost exclusively been described within the intestine.
Particularly, there has been a large focus on tumour formation in response to chronic intestinal
inflammation from pathologies such as colitis and Crohn’s disease (Geremia et al., 2011). The
role of ILC3 in cancer was first described in 2013, whereby IL-22 production from ILC3s was
shown to drive colitis induced colon cancer (Kirchberger et al., 2013). Furthermore, in the
absence of IL-22, there is a significant decrease in cancer formation within the colon. NCR*
ILC3s were shown to accumulate within human non-small cell lung carcinoma (NSCLC), with
a significant increase seen in patients at stage III of disease; a phenomenon which occurs
through the recognition of tumour cells through the NKp44 receptor (Carrega et al 2015). In
human breast cancer, the presence of ILC3s within tumour tissue is directly correlated with
increased tumour metastasis within the lymph nodes. NCR™ ILC3s are recruited to the tumour
via chemokine CCL21. CXCL13 instigates the clustering of ILC3s around meschymal stromal
cells within the tumour tissue. Together, this promotes tumour metastasis to distal sites such as
the lymph nodes (Irshad et al., 2017). ILC3s can interact directly with T cells through MHC 11
and this renders T cells anergic. Dysregulation of this interaction is associated with chronic
inflammation and increased Th17 cells infiltration. As chronic intestinal inflammation is a key
driver of colon cancer, an Th17 cells produce both IL-17 and IL-22, ILC3s could be driving
initial tumour development (Hepworth et al., 2015). However, Th17 cells do have the capacity
to produce IFNy, and have been shown to drive anti-tumour responses (Kryczek et al., 2009).
ILC3:T cell interaction in the gut has demonstrated to be sufficient to stimulate type 1 immunity
within the gut and enhance anti-tumour response. In patients, dysregulation of ILC3s is
associated with poor clinical outcome. This is as a result of alter microbiota which can drive
tumour progression and immunotherapy resistance (Goc et al., 2021). To what extent MHC
ILTCR interaction between ILC3s and T cells drives or prevents tumour development still
required further investigation. Further evidence has suggested that ILC3s convert to a
regulatory phenotype through increased production of anti-inflammatory cytokines throughout
cancer progression. Depletion of these ILCregs showed a significant decrease in tumour growth

(Wang et al., 2020).
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In contrast, patients with acute myeloid leukeamia demonstrated a significant reduction in
ILC3s in PBMCs within patients and was increased to healthy donor levels following successful
chemotherapy (Trabanelli et al., 2015); the contribution of ILC3s to this disease remains
unclear. As with other ILC subsets, there is data associated with ILC associated cytokines, for
example IL-23 has been shown to significantly decrease tumour formation in colorectal cancer
(Chan et al., 2014). It remains, however, unclear at this point whether tumour response to IL-
23 is driven by the innate or adaptive immune system. Similarly, in Rag”~ mice, in the absence
of IL-17 mice are resistant to tumour development, however no difference was noted between

wildtype and Rag”~ mice, suggesting that ILC3s could drive this response (Chan et al., 2014).
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Figure 1.5. Innate lymphoid cells and cancer. Natural Killer (NK) cells produce IFNy,
granzyme and perforins which can drive anti-tumour responses. Though these cytokines or
production of chemokines such as CCL5, NK cells can induce dendritic cell cytokine
production and induce Th1 polarisation culminating in CD8" T cell activation and anti-tumour
responses. TGFp, produced in the tumour microenvironment (TME) drives the conversion of
NK cells to a non-cytotoxic ILC1 phenotype and suppress anti-tumour defences. ILC2s can
both promote and inhibit anti-tumour defences. IL-5 drives the recruitment of eosinophils
which provides tumour defence. ILC2s can also produce CCL5 which upregulates CD8* T cell
response through CD103" Dendritic cells. Conversely, ILC2s produce IL-13 which drives
immunosuppressive M2 macrophages and amphiregulin which induces Treg infiltration. All
of which support tumour progression. IL-33 activates both NK cells and ILC2s. However, on
ILC2s, IL-33 upregulates CD73 which inhibits NK cells and therefore prevents anti-tumour
responses. ILC3s may provide anti-tumour responses through the production of IL-17 and IL-
22, however can inhibit CD4" T cells through MHC II TCR interaction. ILC3s are also capable
of converting into ILC1s which may also dampen anti-tumour responses.
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Hypothesis

There is clear evidence to demonstrate that ILC2s are negatively regulated by PD-1 and there
is further evidence showing that ILCs are capable of expressing PD-1 within the TME within
humans. It remains unclear however whether ILCs are responding to PD-1 regulation within
the TME and whether they are driving anti-tumour responses or whether they are aiding in
tumour progression. This is important to consider when exploring anti-tumour therapies. The
main hypothesis of this project is that ILCs are negatively regulated by PD-1 within the TME
and that by blocking PD-1 the anti-tumorigenic properties of ILCs are enhanced.

Aims

e Identify which ILC subsets are present within the TME and the capability of them to
express PD-1

e Assess whether PD-1 may regulate any of the ILC subsets within cancer using murine
models of cancer and how lack of PD-1 signalling, either through genetic ablation or
therapeutic blockade, can alter ILC populations through proliferative capacity and
expression of cytokines.

e Examination of human cells to establish whether findings in murine models are

conserved across species.
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Chapter 2: Methods

2.1. Animals

B6. Pdcdl”” and B6.ThetZsGreen were bred and maintained at Newcastle University. B6. Ragl-
 mice and B6.C57 wildtype mice were sourced from Jackson Laboratories and Charles River
(respectively) and were then housed and maintained at Newcastle University. B6.Pdcdl”
ThetZsGreen mice were generated and bred at Newcastle University. All mice were housed in
specific pathogen free conditions in individually ventilated cages at an ambient temperature
(20-24°C) and maintained on a 12 hour light/12 hours dark cycle with free access to food and
water. All experimental mice were 8-12 weeks old unless stated otherwise. All procedures
were carried out under a Home Office approved project licence held by Dr Shoba Amarnath
(PPL: 7008838) and personal licence held by Grace Mallett. Use of all animals was approved
by the Animal Ethics Committee at Newcastle University. All experiments have been designed
and carried out in accordance with the 3Rs and data are presented according to the ARRIVE
guidelines. Mice were culled in accordance with Schedule 1 of the Home Office regulations
using cervical dislocation. All routine animal husbandary was undertaken by the staff at

Newcastle University.

2.2. Human Cells

Human peripheral blood mononuclear cells (PBMCs) from healthy donors were kindly
provided by Professor John Simpson’s group from Newcastle University as part of “The role
of inflammation in human immunity” study. Ethical approval was obtained from the relevant
research ethics committee and all donors provides written and informed consent. All donors
were aged 18 and above and were both male and female participants. Unless otherwise stated,

PBMCs were kindly isolated by Dr Jonathon Scott.

2.3. Murine Strain Acquisition

2.3.1.Breeding Strategy

In order to isolate the role of PD-1 signalling in Tbet" ILCs, this project sort to create a novel

mouse strain, namely B6.Pdcdl” ThetZsGreen (PD-17- ThetZsGreen). B6.Pdcdl”~ mice,
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created by Professor Tasuku Honjo, have a global knockout of the Pdcdl gene whereby both
the cytoplasmic and transmembrane regions are globally deleted (previously described
(Nishimura and Honjo, 2001)). B6.TbetZsGreen mice, first generated by Zhu et al 2012, were
generated by inserting the ZsGreen at the starting fragment which encodes Tbet in a bacterial
artificial chromosome (BAC) clone. Following injection into ooctyes, the resulting Tbet
continued to be expressed from the endogenous 7hx2/ thus ZsGreen would not interfere with
endoengous Tbet expression (Zhu et al., 2012). In order to achieve the novel strain, B6.Pdcd I
~ mice were crossed with B6.TbetZsGreen mice (Figure 2.1.) to acquire a heterogeneous
population. Heterogenous offspring were then bred to create the resulting homozygous strain.

In order to confirm the correct strain, mice were genotyped for ZsGreen by flow cytometry

analysis and PD-1 genotype was confirmed by polymerase chain reaction (PCR).

A 4O

B6.Pdcdl B6.TbetZsGreen

A

B6.Pdcdl"-TbetZsGreen

AT

B6.Pdcdl"TbetZsGreen

Figure 2.1.: Breeding Strategy for the generation of B6.Pcdcdl"TbetZsGreen.
B6.Pdcdl”~ were bred with B6.TbetZsGreen mice in order to generate B6.Pdcdl™”
TbetZsGreen mice. This generation was then bred together to generate B6.Pdcdl”
TbetZsGreen. Mice were genotype was confirmed by flow cytometry and PCR in order
to confirm genotype.
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2.3.2. Genotyping by Flow cytometry

To confirm the presence of ZsGreen, blood samples were analysed by flow cytometry. A 50ul
blood sample was acquired from the tail vein and collected in a heparin coated capillary
collection tube (Sarstedt, Germany). Blood samples were diluted with PBS and then incubated
with red blood cell (RBC) lysis buffer (Biolegend, CA) for 5 minutes at room temperature.
Samples were then washed with FACs (Fluorescence activated cell sorting) buffer (PBS
containing 0.5% sodium azide and 2.5% BSA). Samples were analysed for Tbet expression

using FACSCanto II (BD Bioscience) (Figure 2.2.)

2.3.3. Genotyping by Polymerase Chain Reaction (PCR)

In order to confirm that the resulting strain was Pdcdl”", gene expression was measured by
PCR. Ear notch samples were obtained, and DNA was extracted using Tissue Extraction kit
following the manufacturer’s protocols (REDExtract-N-Amp™ Tissue PCR Kit; Sigma-
Aldrich). Briefly, samples were incubated in Tissue Extraction solution and Tissue Preparation
solution at room temperature for 10 minutes in order to release DNA. Samples were then
incubated at 95°C for 3 minutes before being mixed with Neutralisation Buffer at room
temperature. PCR reaction was carried out as described (Table 1) using primers previously
described by Sharpe et al (Table 2) . Samples were then run on a 1.5% Agarose gel (UltraPure
Agarose Gel; Sigma) made with TAE Buffer (0.04M Tris base, ImM EDTA and 0.02M Acetic
Acid; Sigma Aldrich) containing ethidium bromide (0.3pg/ml; Sigma) and ran at 110V for 1
hour 30 minutes. Gels were then analysed using Licor Odyssey and analysed using Image

Studio.
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Temperature (°C) Time (seconds) Cycles

Initial Denaturation 95 240 1
Denaturation 95 20
Amplification 60 40 38
Extension 72 60
Final Extension 72 300 1

Table 1: Polymerase Chain Reaction (PCR) for PD-1 expression used for genotyping

mice
Primer Primer Sequence
PD1 Wildtype 5" GCCAGCTAAGAGGCCACAGCTA ¥
PD1 Knockout 5" GAACCTGCGTGCAATCCATCTTGTTCAATG 3’
PD9070R 5’ CGGTGCTCTCTGTGGAGGGTCTG 3’

Table 2: Primer sequences for genotyping
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Figure 2.2.: Genotyping for PdcdI” ThetZsGreen. Blood samples were
acquired from the tail vein and incubated with RBC lysis buffer. Samples were
washed with FACs buffer and analysed on the FACSCanto II. Representative
plots of TbetZsGreen positive (left panel; A) and negative mouse (right panel;
A) shown. Pdcdl”" was confirmed by polymerase chain reaction (PCR)
(Wildtype = 1246bp; PdcdI”- =700bp). Representative gel shown in B
showing wildtype mice (M1 and M2) and Pdcdl ™" mouse (M3).
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2.4. Tumour Cell line Culture

2.4.1. Murine Tumour Cell Lines

For murine tumour cell line, under sterile conditions, B16 F10 Melanoma or MC38 colon
carcinoma (kindly provided by Dr Gangaplara, NIH, USA) were thawed and washed with
tumour media (Dulbecco’s Modified Eagles Media (DMEM) (Gibco™) containing 10% fetal
bovine serum (FBS) (Labtech), penicillin/streptomycin (100 units/ml of penicillin; 100pg/ml
of streptomycin (Gibco™) and sodium pyruvate (1mM; Sigma Aldrich). All cells were cultured
for 2-3 days prior to experiments. Cells were cultured in conical tissue culture flasks and
incubated at 37°C (5% CO>). Once cells were 70% confluent, cells were harvested and expanded
into multiple flasks. To harvest cells, cells were washed with warmed sterile PBS in order to
remove any traces of media which may inactivate the trypsinisation process. PBS was removed
and cells were incubated at 37°C for 3-5 minutes with trypsin (Sigma) to allow adequate time
for cells to detach from the flask. Equal volume of tumour media was added to the flask in order
to inactivate trypsin and prevent cell death. Cells were transferred to falcon tubes and
centrifuged at 400g for 5 minutes. Cells were re-suspended in tumour media at a concentration
of 0.5 x 108 per ml. 0.5 x 10° cells were transferred to T175 for further expansion. Alternatively,
cells were frozen for long term storage. To freeze cells, cells were re-suspended in tumour
media with 10% DMSO. Cells are stored at -80°C overnight before being transferred to liquid

nitrogen for long term storage.

2.4.2. Human Tumour Cell Lines

For human tumour cell lines, C8161 human melanoma cell line and MET1 human squamous
cell carcinoma cell (¢cSCC) line were kindly provided by Professor Penny Lovat (Newcastle
University). C8161 cells were cultured in tumour media (DMEM, 10% FBS and 1%
Penicillin/Streptomycin). MET4 cells were cultured in DMEM:F12 media (Gibco) with 10%
FBS, 1% Penicilin streptomycin, Hydrocortisone (0.4pg/ml; Sigma), Chlorea toxin (8.5ng/ml;
Sigma), Triiodo-L-Thyronine (20pM; Sigma), Adenine (180uM; Sigma), Insulin (Spg/ml;
Sigma), Epithilial growth factor (EGF; 2pg/ml; Sigma) and Transferrin (Spg/ml; Sigma). As
with the murine tumour cell lines, cells were cultured 2-3 days prior to experiments. Cells were

cultured as described in 2.4.1.
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2.5. In vivo Models

All animal in vivo studies were ethically reviewed and carried out in accordance with Aniamls
(Scientific Procedure) Act 1986. Regulations were set by Newcastle University and the UK
Home Office

2.5.1. Subcutaneous Tumour Model

B16 F10 melanoma cells or MC38 colon carcinoma cells were harvested as described above.
Cells were re-suspended at a concentration of 1 x 10 per ml in sterile PBS. Initial mouse weight
was recorded prior to starting the experiment to allow murine health to be monitored throughout
the experiment. Mice were shaved at injection site (right flank) before being inoculated with 2
x 10° cells via a 200ul subcutaneous injection. Mice were weighed on alternate days throughout
the course of the experiment. Once tumours were established, approximately day 5-7 post
inoculation, tumour volume was measured daily. Tumour length (L) and width (W) were
measured using electronic callipers (Draper, UK) and volume was calculated using the

following equation:
Tumour volume = (1/6) x 0.5 x L x W? (Schatton et al., 2008)

For experiments where mice were treated with therapeutics, mice were injected with antibodies
via intraperitoneal injection. Mice were administered with either aPD-1 blocking antibody
(200pg per mouse; clone: RMP1-14) or isotype rat [gG2a (200ug per mouse; clone:2A3). For
the blockade of NK cells, mice were administered with aNK1.1 (200ug per mouse; clone:
PK136) or isotype mouse IgGla control (200ug per mouse; clone: C1.18.4). For blockade of
ILCs, mice received 100pg of aCD90.2 4 days prior to tumour inoculation. From day 7
onwards, mice either aCD90.2 (200ug per mouse unless otherwise stated; clone: 30H12) or
isotype Rat IgG2b (200pg per mouse; clone:). All antibodies and isotype controls were
purchased from BioXCell, OX, UK. For blockade of ILCs, mice were administered with 100ug
of aCD90.2 on day -4 prior to tumour inoculation. For all studies, mice were administered with
therapeutics on alternate days from day 7 onwards until mice reach humane endpoints. For
tissue collect, mice were euthanised on day 12 post inoculation (unless otherwise stated)

provided they did not exceed the humane endpoints outlined in the project licence (Tumour

mean diameter exceed 1.5cm ((£/ )+ W/ »)) or weight loss exceeded more than 20% of initial
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weight). Mice were euthanised via cervical dislocation and tissues were collect and processed

immediately for the presence of ILCs as described below (Section 4).

2.5.2. Metastatic Tumour Model

B16 F10 melanoma cells were cultured and harvested as described above. Cells were re-
suspended at a concentration of 1 x 10° per ml in sterile PBS. B6.Pdcdl”- mice or wildtype
littermate control animals were placed in a heated cabinet for 30 minutes prior to injection in
order to increase vasodilation. Mice were inoculated with either 0.5 x 10° or 2 x 10 cells via
intravenous tail vein injection; injections were performed by Ms Brigid Griffin. Mice were
monitored throughout the study for signs of poor health through weight loss and clinical score.
Mice were euthanised at the end of the experiment via cervical dislocation and tissues were

harvested as described below (Section 2.6.).

2.5.3. AOM/DSS colon cancer model

Pdcdl”"TbetZsGreen mice or TbetZsGreen mice were administered with Azoxymethane
(AOM; Sigma-Aldrich) via intraperitoneal (i.p.) injection at a dose of 12.5mg/kg (unless
otherwise stated). 3 days post injection, mice were given 3% Dextran Sodium Sulfate (DSS)
within the drinking water for 5 days, followed by a 16 day recovery period. Cycles 2 and 3
consisted of 3 days with DSS followed by 16 day recovery period as indicated (Adapted from
(Parang et al., 2016); Figure 2.3). Throughout the experiment animal weight and clinical score
was recorded throughout the experiment in order monitor animal health and disease
progression. Stool samples were also monitored during the treatment period and scored as
follows: normal stool = 0 points; loose stools = 1 point; diarrhoea = 2 points and presence of
blood = 2 points (adapted from Mcdonough et al 2017; JCI). Mice were euthanised 16 days
after the final treatment; whereby tumour burden and average tumour size was monitored and

recorded prior to tissue harvest.
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2.5.4. BODIPY and 2-NBDG In vivo treatment

Mice were inoculated via subcutaneous injection with B16 melanoma tumour cells as described
above (2.5.1.). Mice were injected via intraperitoneal injection with 50ug Bodipy FL Cis
(Thermofisher Scientific) in 50ul DMSO. Mice were sacrificed 60 minutes after injection and
tissue was processed immediately. Alternatively, mice were injected via intravenous injection
(performed by Mr Chris Huggins) with 200pug 2-NDBG (ThermoFisher Scientific) in 100ul of

PBS. Mice were sacrificed 15 minutes after injection and tissue was processed immediately.

2.6. Tissue harvesting

ILC subsets were characterised in B6.C57 Wildtype mice and B6.Rag”~ mice. Tissues
characterised include spleen, lung, liver, small intestine and large intestine. For the
subcutaneous tumour models, tumour infiltrating lymphocytes (TIL), spleen and tumour
draining lymph nodes (TDLN) were harvested. For the metastatic tumour model, TIL, lung and
TDLN were isolated. All organs were isolated into Sml of complete mouse media (Dulbecco’s
Modified Eagles Media (DMEM) (Gibco™, Loughborough, UK) containing 10% fetal bovine
serum (FBS) (Labtech), penicillin/streptomycin (100 units/ml of penicillin; 100pg/ml of
streptomycin (Gibco™), sodium pyruvate (ImM; Sigma, Darmstadt, Germany), non-essential
amino acids (0.1mM; Sigma,), L-glutamine (1mM; Sigma) and 2-mercaptoethanol (50uM;
Sigma)) and stored on ice, with the exception of small and large intestine which were harvested

into Sml of PBS and stored on ice.

2.6.1. Lung

Lungs were perfused with PBS via the pulmonary artery in situ prior to being harvested into
media in order to remove blood from the tissue. Lung tissue was washed with PBS in order to
remove any traces of media, and were then incubate at 37°C in FBS-free media containing
0.25mg/ml Liberase™ TL (Roche) and 0.5mg/ml DNAse I (Roche) for 15 minutes. Lung tissue
was then mechanically pushed through a 100 micron cell strainer into a 50ml falcon tube
containing Sml of FBS with 15ml of media added. Samples were washed twice with 10ml of
media before being re-suspended in Sml of 40% percoll (Percoll (Sigma), DNase media and
PBS). Samples were centrifuged at 400g for 20 minutes then the supernatant was removed.

Cells were washed with media before being counted.
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2.6.2. Liver

Livers were perfused with sterile PBS in situ via the hepatic artery prior to being harvested into
complete media and stored on ice. Liver tissue was then washed with PBS to remove any traces
of media, and was then incubated at 37°C in FBS-free media containing 0.25mg/ml Liberase™
TL (Roche) and 0.5mg/ml DNAse I (Roche) for 15 minutes. Tissue was then mechanically
pushed through a 100 micron cell strainer into a 50ml falcon tube containing Sml of FBS with
15ml of media added. Samples were washed twice with 10ml of media before being re-
suspended in Sml of 40% percoll (Percoll, DNase media and PBS). Samples were centrifuged
at 400g for 20 minutes, supernatant was removed and cells were washed with media before

being counted.

2.6.3. Intestine (Small and Large)

Small intestine and large intestine were washed in harvest buffer (2% FBS, 10mM HEPES
(Sigma) and 50uM 2-Mercaptoethanol (Sigma)). Intestines were dissected longitudinally and
cut into small segments in order to aid tissue digestion. Tissue was washed twice with harvest
buffer in order to remove any traces of faecal matter and finally washed in PBS to remove any
traces of FBS which may inactivate the digestion process. Tissue was incubated at 37°C in FBS-
free media containing 0.25mg/ml Liberase™ TL (Roche) and 0.5mg/ml DNAse I (Roche) for
15 minutes. Intestine tissue was then mechanically pushed through a 100 micron cell strainer
into a 50ml falcon tube containing Sml of FBS with 15ml of media added. Samples were washed
twice with 10ml of media before being re-suspended in Sml of 40% percoll (Percoll, DNase
media and 10 x PBS). Samples were centrifuged at 400g for 20 minutes, supernatant was

removed and cells were washed with media before being counted.

2.6.4. Tumour Draining Lymph Nodes (TDLN)

TDLN were mechanically crushed through a 40 micron cell strainer into Sml of complete mouse
media. Cells were then transferred to falcon tubes where they were centrifuged at 400g for 5

minutes. Cells were re-suspended in 2ml of media and counted.
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2.6.5. Tumour Infiltrating Lymphocytes (TILs)

TILs were removed with an excess of 2-3mm in order to ensure all tissue is collected. Tumour
tissue was briefly washed in PBS to remove any traces of media and excess surrounding tissue
was removed. Tumour tissue was then transferred to Liberase™ TL (0.25mg/ml; Roche) DNase
I (0.5mg/ml; Roche) FBS-Free media, finely chopped and incubated at 37°C for 30 minutes.
Tissue solution was then transferred to Sml of FBS through 100 micron cell strainer (Corning)
in order to inactivate the digestion process. Cells are then washed in 20ml of complete media
and re-suspended in 10ml of media. Cell suspension was then added to 5Sml of lymphocyte
separation media at a ratio of 2:1 and centrifuged at 400g for 20 minutes with the brake off.
The lymphocyte interphase is then transferred to a new falcon tube and washed with complete

media and then counted.

2.6.6. Skin

Dorsal skin is taken from non-involved skin on the left flank. Skin was finely chopped and
incubated with Liberase™ TL (0.25mg/ml; Roche) DNase 1 (0.5mg/ml; Roche) FBS-Free
media at 37°C for 2 hours. Tissue solution was then transferred to Sml FBS with 20ml of media
through 100um cell strainer (Corning) in order to inactivate the digestion process. Cells were

then further strained through 70micron and 40micron strainer and counted with trypan blue.

2.6.7. Spleen

Spleen tissue was mechanically crushed through a 40 micron cell strainer into Sml of complete
mouse media. Cells were then centrifuged at 400g for 5 minutes. The supernatant was removed
and cells were re-suspended in 1ml of red blood cell (RBC) lysis buffer (Biolegend, USA).
Cells were incubated for 3 minutes at room temperature in RBC before 10ml of complete media

was added. Cells were centrifuged and re-suspended in Sml of media and counted.

2.7. Cell Counting
In order to count cells, a sample of cells was diluted at a 1:1 ratio with Trypan blue (Invitrogen),

with the exception of spleenocytes which were diluted at a 1:10 ratio. Cells were then counted

using a Haemocytometer (Corning).
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2.8. Human PBMCs

Human PBMCs were isolated by Dr Jonathon Scott. PBMC cell suspensions were washed with
sterile PBS and were then counted with trypan blue. Cells were re-suspended at a concentration

of 2 x 10° per ml.

2.9. Transwell Experiments

For murine transwell experiments, spleenocytes were isolated as described above (2.6.7.) and
re-suspended at a concentration 2 x 10° per ml. B16 melanoma tumour cell line was harvested
as described above (2.4.i). 2 x 10° B16 melanoma cells were added to each of the 40 micron
pore transwell filters (Thermofisher Scientific). Spleen cells were added at 1:1, 1:10 or 1:100
ratio with the tumour cells as indicated for 4 hours or cells were cultured at a 1:1 ratio for 2, 4,
6 or 24 hours as indicated at 37°C (5% COz). Cells were then stained for flow cytometry

analysis.

For human transwell experiments, PBMCs were re-suspended at a concentration of 1 x 10° cells
per ml in human complete media (RPMI containing 10% FBS (Labtech),
penicillin/streptomycin (100 units/ml of penicillin; 100pg/ml of streptomycin (Gibco™),
sodium pyruvate (ImM; Sigma, Darmstadt, Germany), non-essential amino acids (0.1mM,;
Sigma,), L-glutamine (1mM; Sigma) and 2-mercaptoethanol (50uM; Sigma)). C8161
melanoma tumour cells and MET1 sSCC human cells were harvested as described previously
(2.4.ii). 0.5 x10° PBMCs were added to each well of the transwell plate. Tumour cells were
added at a ratio of 1:1 either in direct contact with the PBMCs or added into the transwell as
indicated. Cells were cultured for 2, 4, 6 hours or overnight at 37°C (5% CO,) before being
stained and analysed by flow cytometry.

2.10. Cell Proliferation Assay

For murine cell proliferation assays, spleenocytes were harvested as described above. Cells
were incubated at 37°C for 20 minutes with Cell Trace Violet dye (S5uM; Invitrogen) as per
manufactuer’s instruction. 10ml of media was then added in order to absorb any unbound dye;
cells were incubated for 15 minutes at 37°C before being centrifuged at 400g x 5 minutes. Cells
were then counted and re-suspended at a concentration of 1 x 10° cells per ml. 1 x 10° cells

were added to each well of a plate and cells were incubated with recombinant mouse I1L-2
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(40ng/ml), recombinant mouse IL-7 (40ng/ml) and either aPD-1 blocking antibody (20mg/ml;
Biolegend) or isotype control (20mg/ml; Biolegend) for 5 or 7 days; cytokines were re-added
at day 3 and day 5. Cells were harvested on day 5 and day 7 and stained for flow cytometry
analysis as described below. For human ILC proliferation assays, PBMCs were re-suspended
in PBS at a concentration of 10 x 10° and stained with Cell Trace Violet dye (5uM; Invitrogen)
as described above. PBMCs were plated at a concentration of 0.5 x 10% per well with
recombinant mouse IL-2 (40ng/ml), recombinant mouse IL-7 (40ng/ml) and either aPD-1
blocking antibody (20mg/ml; Biolegend) or isotype control (20mg/ml; Biolegend) for 5 or 7
days. Human PBMCs were incubated with transwells seeded with C8161 melanoma cell line
or MET1 SCC cell line. Transwells were removed after 16 hours. Cells were harvested and

prepared for analysis by flow cytometry.

2.11. Cell Stimulation

To assess ILC function, cytokine production was analysed by flow cytometry analysis in all
animal models and in human PBMCs. For both murine and human cells, 1 x 10° cells were
added to a 48 well cell culture plate. Cells were then incubated with cell stimulation cocktail (1
in 500 dilution, Invitrogen) for 4 hours at 37°C. The stimulation cocktail contains phorbol
myristate acetate (PMA) and ionomycin which promote cytokine production through the
activation of Protein Kinase C (PKC) and induction of intracellular calcium signalling
respectively. The stimulation cocktail also contained protein transport inhibitors Brefeldin A
and monensin which prevent cytokine release from the golgi apparatus and the endoplasmic
reticulum respectively. This allowed for cytokines to be retained within cells and thus allowing
the intracellular measurement of cytokines. Cells were then fixed and stained for flow

cytometry analysis.

2.12. Flow Cytometry Analysis

In order to analyse the presence and function of both murine and human ILCs in response to
tumour, ILCs were analysed by multi-parameter flow cytometry. Flow cytometry is a technique
widely used throughout immunology to phenotype cellular populations. Prior to analysis, cells
are stained with antibodies for the target of interest (i.e. surface proteins such as CD3) which
are conjugated to fluorophores. Fluorophores consist of a number of different molecules such
as florescent proteins derived from microorganisms including phycoerythrin (PE),

allophycocyan (APC) or polymer dyes created from polymer chains which respond to light
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which include the brilliant violet fluorophores (BV). In order to increase the range of colours
available, tandem dyes can be used which are produced when dyes such as APC or PE are

chemically combined with small organic molecular dyes such as Cy5 or Cy7 (e.g. PE Cy7).

For analysis, cells are suspended in a “sheath fluid” which is pressurised to drive cells through
the instrument past a series of lasers. As the laser hits the cells, it initially gives two
measurements namely forward scatter area (FCS-A) and side scatter area (SSC-A). FSC refers
to the light scattered by the cell in a forward direction which gives information regarding the
size of the cells. SSC refers to the light scattered to the side at an angle which is dictated by the
granularity and complexity of the cells i.e. cell such as lymphocytes with a low granularity
would have a much lower SSC than highly granular cells such as neutrophils. Together, these

measurements can be used to identified cellular populations.

Throughout this project, samples have been analysed using the BD LSR- Fortessa X20 (BD
Biosciences) which consists of up to 5 different lasers. Each of the lasers function at a different
wavelength and activate compatible fluorophores. Once activated, the fluorophores emit light
which is detected and converted into a digital signal for analysis. The intensity of the signal

provided gives information regards the expression levels of the target of interest.

Forward scatter height (FSC-H) can also be utilised for analysis. FSC-H measures the height of
the cells and is used in conjunction with FSC-A for analysis. Although doublets cells, or two
cells clumped together, will have a similar height to single cells, they will have approximately
double the area. As the ratio of height to area is altered, this means doublets can be excluded

from subsequent analysis.

Fluorophores emit light at specific wavelengths which are detected by the cytometer. Light is
emitted at a higher wavelength then the excitation due energy release from the excitation. Lasers
will detect any light within their wavelength, and this means that in some instances there is a
“spillover” whereby one fluorophore can be detected in multiple channels. When one is only
using one colour, this does not pose an issue. However, problems arise when analysing a
multitude of complex immune cells which requires multiple markers and functional readouts.
In order to prevent false positive data, compensation must be calculated in order to address

these signals in multiple channels.
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“Gating” process is applied to flow cytometry plots in order to identify and analyse specific cell
populations. Controls are required in order to determine where the gates should be placed in
order to exclude negative cell populations. Fluorescent minus one (FMO) controls are used in
order to situate the gates. An example of the use of FMOs for identifying human ILCs is shown
(Figure 2.5). FMOs contain all antibodies except for the antibody of interest thus identify where
the negative population lies. FMOs, for this study in particular, are favoured over isotype
control because they contain the remaining antibodies in the panel and therefore can incorporate
any changes in fluorescence due to compensation. Isotypes controls contain a single
fluorophore, and although can control for any autofluorescence from the cell populations, do
not account for other fluorophores present so are likely to give an inaccurate representation of

the negative population of cells.

2.12.1. Antibody Optimisation

Prior to running cellular analysis, antibody concentrations were optimised in order to determine
the correct concentration for accurate analysis. Murine splenocytes or human PBMCs were
used during antibody optimisation. 1 x 10° cells were washed with PBS (for Live/Dead Stain
optimisation) or FACs buffer (PBS containing 2.5% Bovine serum albumin (BSA) and 0.05%
sodium azide) for antibody optimisation. Cells were then incubated with varying concentrations
of antibodies as stated and incubated for 30 minutes at 4°C. Cells were then washed and
analysed by LSR BD Fortessa X20 and optimal concentrations were determined (Figure 2.4).
The negative gate was based on the unstained sample containing none of the antibody of choice
which will determine where negative populations lie and will also account for any auto
fluorescence produced by the cells. The optimal antibody was chosen as the minimum amount
of antibody required which did not result in loss of receptor identification. In this instance, the

optimal amount of CD5 required for adequate staining was 0.01ug
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Unstained 0.06ug 0.01lug 0.005pg 0.001pg

12.15%

> Per Cp Cy5.5

Figure 2. 4 Optimisation of CD5 Biotin Antibody  Spleenocytes were isolated from
Wildtype mice and incubated with red blood cell lysis buffer. Spleenocytes were washed
with FACs buffer and incubated with varying with the recommended quantity of antibody

(0.06pg) and varying other dosages to identify the optimum amount required.

2.12.2. Murine Flow cytometry

1 x 10 cells were washed in PBS in order to remove any traces of media. Cells were then
incubated for 30 minutes at 4°C with Live/Dead viability stain (Invitrogen) at a previously
optimised concentration (Figure 2). Cells were then washed in PBS before being re-suspended
in Biotin labelled lineage cocktail in FACs buffer (Table 3) and incubated at 4°C for 30 minutes.
Cells were washed with FACs buffer and incubated with Streptavidin Per Cp CyS5.5 (1pg/ml;
Biolegend) for 20 minutes at 4°C. Cells were washed with FACs buffer and re-suspended in
100l of extracellular antibody cocktail (Table 4) for 30 minutes at 4°C. Cells were washed
with FACs buffer. In order to identify ILC subsets and to assess ILC function, staining for
intracellular components such as transcription factors and cytokines was carried out. In order
to achieve this, cell are required to be fixed. Cells were incubated with Fixation
Permeabilisation solution for 30 minutes at 4°C as per manufacturer’s instructions. Cells were
then washed twice with permabilisation buffer (BD Bioscience, 10x solution diluted in dH>O)
and were then incubated overnight with 100ul of intracellular antibody cocktail (Table 5). Cells
were then washed the next day and re-suspended in FACs buffer and were then analysed on BD

LSR Fortessa X20.
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Antibody Clone
CD3 145C11
CD5 53-7.3
CDS 53-6.7
CD11b M1/70
CDlIc N418
CDI19 1D3/CD19
CD49b HMoa2
Terl19 TER-119
F4/30 BMS

Grl RB6-8C5
NKI.1 PK136
B220 RA3-6B2

Table 3: Murine Lineage Antibodies
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Antibody Fluorochrome Clone Concentration
CD90.2 AF700 30-H12 1.25png/ml
CD45 APC Cy7 30-F11 2.5ng/ml
CD45 AF700 30-F11 2.5ng/ml
CD127 BV510 ATR34 1.3pg/ml
CD25 PE Cy7 PC61 Ipg/ml
CD25 BV711 PC61 Iug/ml
KLRG1 BV421 2F1/KLRG1 Iug/ml
ST2 FITC DIJ8 lpg/m;
ST2 PE DJ8 Ipg/ml
CD4 AF700 GK1.5 2.5png/ml
Nkp46 APC 29A1.4 1.3pg/ml
Nkp46 BV711 29A1.4 1.3pg/ml
PD-1 BV605 29F.1A12 1.3pg/ml
F4/80 FITC BMS Iug/ml
Grl APC Cy7 RB6-8C5 Ipg/ml
CDI11b APC M1/70 Iug/ml
CDllc BV605 N418 Iug/ml
NKI.1 BV510 PK136 Iug/ml
CD49a APC HMal Ipg/ml
CD49b APC Cy7 HMa2 Iug/ml

Table 4: Murine Extracellular Antibodies for Innate Lymphoid Cell Straining
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Antibodies Fluorochrome Clone Concentration
Tbet FITC 4B10 2ug/ml
Tbet BV711 4B10 2ug/ml
RORyt PE B2D 1.3pug/ml
IFNy PE Cy7 XMG1.2 Ipg/ml
IFNy BV510 XMG1.2 Ipg/ml
IL-10 BV605 JES5-16E3 lpg/ml
TNFa BV785 MADbI11 lpg/ml
IL-17 APC eBiol7B7 lpg/ml
IL-17 PE Cy7 eBiol7B7 lpg/ml
IL-22 APC 1L22JOP lpg/ml
IL-5 BV421 TRFKS Ipg/ml
IL-13 PE eBiol3A lpg/ml

Table S: Murine Intracellular Antibodies for Innate Lymphoid Cell Staining
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2.12.3. Human Flow Cytometry

1 x 10° PBMCs were washed with PBS. Cells were then incubated for 30 minutes at 4°C with
Fixable Cell Viability dye (Invitrogen). Cells were then washed with PBS before being
incubated with cell surface antibodies (Table 7) which contained a lineage cocktail (Table 6)
diluted in FACs buffer for 30 minutes at 4°C. Cells were washed with FACs buffer and then
incubated with fixation/permeablisation solution (BD Bioscience) as per the manufacturer’s
instruction. Cells were then washed twice with permeablisation buffer (BD Bioscience) and
incubated with intracellular antibodies overnight (Table 8). The following day cells were
washed once with permeabilization buffer before being re-suspended in FACs buffer and

analysed on the Fortessa X20.

Antibody Clone
CD3 OKT3
CD5 LIF12
CD8 MS5E2
CD11b ICRF44
CDl1c 3.9
CD14 3G8
CD19 H1B19
CD20 2H7
CD56 HCD56
TCRap P26

Table 6: Human Lineage Antibodies
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Antibodies Fluorochrome Clone Concentration
CD45 APC Cy 7 H130 Iug/ml
CD45 FITC HI130 Ipg/ml
CD127 BV785 A019D5 Iug/ml
CDl161 Per CP Cy5.5 HP-3G10 Iug/ml
CRTH2 BV421 BM16 Iug/ml
cKit BV605 104D2 Iug/ml
NKp44 AF647 P44-8 Iug/ml
PD-1 PE Cy7 EH12.2H7 Iug/ml

Table 7: Human Extracellular Antibodies for Innate Lymphoid Cell Staining

Antibodies Fluorochromes Clone Concentration
Tbet BV711 B310 Ipg/ml
RORyt PE B2D Ipg/ml
IFNy PE Cy7 XGM1.2 lpg/ml

Table 8: Human Intracellular Antibodies for Innate Lymphoid Cell Staining

ILCs were defined by the following gating strategies: Murine ILCs were defined as Lin®
CD45'Thyl". In initial studies, ILCls were identified as Nkp46'RORyt. With use of
TbetZsGreen mice and transcriptional staining, they were further described as NKp46"RORyt
Tbet"Eomes™ (definitions have been clarified in relevant results sections). ILC2s were defined
as CD127*CD25"KLRG1"-ST2*"~(nILC2s ST2";iILC2s KLRG1* and mILC2s KLRG1ST2");
NCR" ILC3s were defined as RORyt"NKp46" and NCR™ ILC3s were defined as RORyt " Nkp46
. Human ILCs were defined as follows: LinCD45"CD161°CD127". ILC1s were further defined
as CRTH2-CD117-Tbet"Nkp44*~; ILC2s were defined as CRTH2'CD117-; NCR* ILC3s were
defined as CRTH2'CD117'RORyt'Nkp44*; NCR- ILC3s were defined as CRTH2-
CD117"RORyt"Nkp44~ and ex-ILC3s were defined as CRTH2'CD117 Tbet'Nkp44*. Single
colour controls were established with One Comp Beads (Ebioscience) and were used to set up
compensation. All gating analysis was based on FMO controls (Figure 2.5.). Cells were
analysed using BD LSR Fortessa X20 with FACs DIV A software (BD Bioscience) and analysis
was performed with FCS Express (De Novo) or FlowJo 10.1 software (Tree Star).
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Figure 2.5. Fluorescent minus one Controls for Human PBMC analysis.
Fluorescent minus one controls (FMO) were used throughout the project in order
to discriminate between positive populations and background fluorescence.
Representative FMO controls for the analysis of human PBMCs shown.

2.13. Statistical Analysis

Statistical analysis was carried out using GraphPad Prism (GraphPad Software Inc). Unless
otherwise stated, statistical significance was determined by either an unpaired or paired t-test.
For larger experiments where multiple groups were analysed, One-Way ANOVA was used to
determine statistical significance. Histogram summary analysis was shown by mean values for
the experiments (+SEM). P values less than 0.05 were classed as statistically significant

(*p<0.05, **p<0.01, ***p<0.001).
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Chapter 3: Innate Lymphoid Cells upregulate PD-1 expression in the TME

3.1 Introduction

ILCs have been shown to be capable of expressing PD-1 in human tissues, with studies showing
PD-1 being expressed within human malignant pleural effusions, breast cancer, gastrointestinal
tumours and human decidua tissue (Vacca et al., 2019, Tumino et al., 2019, Salimi et al., 2018).
In murine models, PD-1 expression on ILCs thus far been shown to be limited to ILC2s, and
has been shown to negatively regulate them in the context of helminth infection, obesity and
cancer (Moral et al., 2020, Taylor et al., 2017, Oldenhove et al., 2018). The full extent to which
other ILC subsets are capable of expressing PD-1 and whether PD-1 may regulate ILC1s and
ILC3s is yet to be determined. In human decidua tissue, PD-1 expression reduces from the first
trimester of pregnancy to third in ILC3s, conversely, NK cell expression of PD-1 in human
decidua increases throughout pregnancy (Vacca et al., 2019). This is indicative that PD-1
expression in ILC subsets may be driven by components in the tissue microenvironment in a
subset specific manner. Consistent with this, murine expression of PD-1 on ILC2s is
upregulated upon IL-33 stimulation (Helou et al., 2020, Moral et al., 2020), however
endogenous expression in the absence of stimulation is yet to be determined in all ILC subsets.
This chapter sought to assess PD-1 expression in across ILC subsets. It was first required to
characterise the mice used within the project in order to ensure ILCs distribution is consistent
with what has previously been reported in the literature in strains used throughout the study.
PD-1 expression was then assessed across all ILC subsets in various tissues. The project focuses
on whether PD-1 on ILC subsets maybe a desirable target in order to enhance anti-cancer
therapies therefore determining which subsets and in which tissues PD-1 expression occurs is

critical for correctly targeting therapies.
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3.2 Aims

To determine the importance of PD-1 regulation of ILCs in tumour, it was first important to
establish the breadth of PD-1 expression in ILCs. Here, it was important to address whether, in
the absence of stimulation, all ILCs are capable of expressing PD-1. It was also important to
determine whether ILC expression is consistent in all tissues, or whether PD-1 expression is
tissue and subset specific. This chapter had a particular focus on how the TME may affect PD-

1 expression in ILCs.

The aims of this chapter were to:
1. Characterise ILCs in the murine strains and models used throughout this project
2. Identify PD-1 expression in all ILC subsets at mucosal tissues and secondary
lymphoid organ.
3. Characterise the TME for the presence of ILC subsets
4. Assess PD-1 expression on the ILCs present within the TME
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3.3 Results

3.3.1. Characterisation of Innate lymphoid cell subsets in mucosal tissue

To study ILC biology, ILCs were first characterised in both wildtype and Rag”" mice; two
strains which will be used throughout the project. Characterisation of these strains will ensure
all subsets are identifiable and ILC distribution is consistent with previously reported data.
Discrepancies in ILC subsets have been reported in Rag”” mice, whereby in the absence of an
adaptive immune system, there was a significant increase in ILC2 and ILC3s, which was also
coupled within an increase in cytokine production (Sawa et al., 2011, Roediger et al., 2013,
Korn et al., 2014, Van Gool et al., 2014). Rag”” mice were characterised here to ensure the same
results were being reported in this study and to ensure this is addressed in future data (Figure

3.1).

ILCs are a tissue resident subset of cells which are primarily located at mucosal barrier surfaces.
ILC1 are enriched in the intestine and liver, whereas ILC2s are primarily associated with the
lung. ILC3s play an important role in intestinal homeostasis and therefore are predominantly
located within intestinal tissue (Dutton et al., 2017, Robinette et al., 2015). In light of this, liver,
lung, small intestine and large intestine were isolated from wildtype mice, in addition to spleen
as a secondary lymphoid organ. Single cell suspensions were created and ILC subsets were
identified using flow cytometry analysis. Live cells were first identified with the use of
Live/Dead stain which stains amine groups. In dead cells where cell membrane is not intact,
the stain is able to target free amines within the cell and produces an intense fluorescent stain.
In live cells, although cell surface amines are still stained but at a much lower intensity, thus
live cells can be separated from dead cells. ILCs were identified by the lack of lineage markers
which include markers for T cells, B cells, monocytes, macrophages and other immune subsets.
ILCI and ILC3 were distinguished based on the expression of RORyt and NKp46. ILC1s were
defined as RORyt Nkp46™. In order to exclude NK cells, the lineage cocktail also included
NK1.1 and CD49b, meaning that ILCls were ultimately defined as Nkp46"RORytNK1.1-
CD49b". ILC3s were defined as RORyt" and were then sub divided into NCR" (Nkp46™) and
NCR™ (Nkp46°). ILC2s were defined as CD25"CD127" and then further subdivided based on
their expression of KLRG1 and IL-33 receptor ST2 into nILC2s (ST2"), iILC2s (KLRG1") and
mature ILC2s (ST2'KLRGI1") (Figure 3.1A-C). Consistent with previously reported data, all
ILC subsets were identified in all isolated tissues. ILC2s were predominantly located in the

lung and intestine, as were ILC3s (Figure 3.1D-F). Group 1 ILCs were predominantly present
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within the liver. In summary, all subsets were able to be identified in all of the mucosal tissues,

and subset distribution replicated previously reported literature within the barrier tissues
(Dutton et al., 2017).
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Figure 3.1: ILC Characterization in Wildtype Mice:Innate lymphoid cells (ILCs) were isolated
from spleen, lung, liver, small intestine and large intestine. Cells were then analysed by flow
cytometry in order to identify ILC populations. ILC’s were defined as: Lin'CD45". Representative
analysis of small intestine shown (A). ILC2s were defined as CD25"CD127" and identified as 3
separate subsets: nILC2 ( ST2*); mILC2s (KLRG1°ST2") and iILC2 (KLRG1") (representative
plots from small intestine shown in B. ILC1s were defined as RORytNKp46* (C). ILC3s were
sub divided into NCR" (NKp46'RORyt") and NCR~ (NKp46'RORyt") (C). Summary of ILC

frequencies in all organs of ILC1s (D), ILC2 subsets (E) and ILC3 subsets (F). N=5. Data shown
as Mean + SEM.
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ILCs are a key component in the innate immune system and play a role as the first responders
to infection however as they mirror T cells subsets so closely, it can be difficult to isolate the
role that ILCs play from the role of T cells and the adaptive immune system. In order to address
this, Rag”" mice, which lack an adaptive immune system, were used in order to eliminate the
contribution of T and B cells in later experiments. ILC subsets were characterised within the
barrier tissues of the Rag” mice in order to identify any phenotypic differences in ILC
distribution which may arise in the absence of T and B cells, and which may need to be

considered with future data when comparing models.

As with the wildtype mice, spleen, liver, lung, small intestine and large intestine were isolated
from Rag” mice and evaluated as before by flow cytometry (Figure 3.2A-F). Although ILC
subsets followed the same patterns as they did in the wildtype mice in tissue distribution, there
was a significant increase in KLRG1" iILC2s within the lung in Rag”" compared with wildtype
mice (p=0.03; Figure 3.2h). An increase was also noted in the liver with KLRG1"ST2" mILC2s
(p=0.0007; Figure 3.21) and within the liver, small intestine and large intestine in ST2" nILC2s
(p<0.0001, p=0.025 and p=0.004 respectively; Figure 3.2j). Similarly, there was a trend to
suggest an increase was observed within NCR" ILC3s however this was not shown to be

significant (Figure 3.2k and 3.2I).
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Figure 3.2: ILC Characterisation in Rag” Mice. Innate lymphoid cells (ILCs) were
isolated from spleen, lung, liver, small intestine and large intestine. Cells were then analysed
by flow cytometry in order to identify ILC populations. ILC’s were defined as: Lin"CD45".
Representative analysis of small intestine shown (A). ILC2s were defined as CD25"CD127*
and identified as 3 separate subsets: nILC2s (ST2"); mILC2 (KLRG17ST2") and iILC2
(KLRGTI1Y) (representative plots from small intestine shown in B). ILCls were defined as
RORyt'Nkp46™ (C). ILC3s were sub divided into NCR™ (Nkp46"RORyt") and NCR~ (Nkp46
RORyt") (C). Summary of ILC1 (D), ILC2 subsets (E) and ILC3 subsets (F) shown.
Comparison of ILC subset frequency in wildtype versus Rag” mice in ILC1 (G), ilLC2s
(KLRG1") (H), mILC2s (KLRG1"ST2") (I), nILC2s (ST2*) (J), NCR" ILC3s (K) and NCR*
ILC3s (L). Data shown as Mean + SEM; N=5.

3.3.2. ILCs express PD-1 in a tissue dependent manner

In human decidua tissue, PD-1 expression in ILC3s is significantly reduced throughout
pregnancy suggesting that specific tissue environmental factors may influence PD-1 expression
(Vacca et al., 2019). ILCs have been shown to be present in mucosal tissue therefore PD-1
expression was next assessed. There were two questions that needed to be addressed: a) are all
ILC subsets capable of expressing PD-1 and b) is PD-1 expression influenced by the tissue
microenvironment. To determine this, PD-1 expression was evaluated in ILCs in wildtype mice
at the barrier surfaces shown before. All ILC subsets were shown to be capable of expressing
PD-1 in the absence of external stimulation (Figure 3.3A-G). Of note, in Nkp46"RORyt" ILC1
cells, PD-1 expression was significantly increased in the liver when compared with the lung
(p=0.03) and the spleen (p=0.04; Figure 3.3B). Within the ILC2s subsets, there was a significant
increase in PD-1 expression in KLRG1" ilLC2s within the large intestine compared with spleen
(p=0.001), lung (p=0.01), liver (p=0.004) and small intestine (p=0.02) (Figure 3.3C). Other
ILC2 subsets, however, did not show the same variation, with only KLRG1"ST2" mILC2s
showing an increase in PD-1 expression in the large intestine when compared with the spleen
(p=0.03; Figure 3.3D) with no significant changes observed in ST2*KLRG1" nILC2s (Figure
3.3E). Within the ILC3 subsets, although cells were shown to express PD-1 in all tissues, no
significant difference was noted in expression in different tissues within the ILC3 subsets
(Figure 3.3F and 3.3G). This suggests that PD-1 expression is not only tissue specific, but also
varied by subset and tissue induction. This is consistent with human data shown by Tumino et
al who demonstrated diminished PD-1 expression in PBMCs compared with human breast

cancer tumour tissues in group 2 ILCS (Tumino et al., 2019).
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Figure 3.3: PD-1 expression in ILCs is tissue specific. Spleen, lung, liver, small
intestine and large intestine were harvested from C57 Bl6 wildtype mice. ILCs were
isolated from organs and identified by flow cytometry. ILCs were defined as: Lin
(Lineage consists of CD3, CD5, CD8, CD11b, CDl1c, CD19, CD49b, Grl, Terl19,
NKI1.1, B220 and F4/80) CD45". Representative flow plots showing PD-1 expression in
ILC subsets (A). Summary of PD-1 expression in ILC1 (Nkp46'RORyt) (B), ILC2
subsets: iILC2s (KLRG17)(C), mILC2s (KLRG1'ST2") (D) and nILC2 (ST2") (E) and
ILC3 subsets; NCR* (F) and NCR™ (G). Data shown as mean +/- SEM; N=4-5
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It was previously shown that Rag”~ show increases in some ILC subsets in comparison with the
wildtype mice (Figure 3.2). As a result of having an increase in ILCs subsets, Rag” have shown
to have an increase in type 2 and 3 cytokines (Sawa et al., 2011, Roediger et al., 2013, Korn et
al., 2014, Van Gool et al., 2014). Figure 3.3 suggests that PD-1 is tissue specific and therefore
maybe driven by the tissue microenvironment. It was, therefore, important to determine
whether PD-1 expression was affected by the absence of an adaptive immune system and
subsequent changes in the tissue microenvironment which is particularly important to
determine as it could be important when interpreting the results when Rag” are treated with
oPD-1 therapy. However, no significant differences in PD-1 expression were observed in Rag
’~ compared with wildtype mice (Figure 3.4). PD-1 expression in ILCs does not appear to be
driven by the adaptive immune system and is, instead, driven by environmental factors within
the tissue. Varying levels of PD-1 expression indicates that ILCs may be responsive to aPD-1

therapies at different efficacies in different tissues. In light of this, it is important to understand

how the distinct environment of the TME may drive PD-1 expression in ILCs.
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Figure 3.4: PD-1 expression does not differ in the absence of an adaptive immune system.
Spleen, lung, liver, small intestine and large intestine were harvested from C57 B16 wildtype
mice and Rag” mice. ILCs were isolated from organs and identified by flow cytometry. ILC’s
were defined as: Lin- CD45*. Summary of PD-1 expression in wildtype and Rag” mice shown
in ILC1 (RORytNKp46*) (A), iILC2 (CDI127*CD25*KLRG1*) (B), mILC2
(CD127+*CD25*KLRG1*ST2*)(C), nILC2 (CDI127*CD25*ST2*) (D), NCR- ILC3s
(RORyt*NKp46; E) and NCR* ILC3s (RORyt*'NKp46*; F). Data shown as Mean + SEM.
N=4-5.
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3.3.3. Characterisation of ILCs within the melanoma TME

To determine if and how PD-1 drives ILCs in within the TME, it was first important to
determine which ILC subsets were present within the TME in our model of B16 melanoma. All
ILC subtypes have been shown to be present in human breast and gastrointestinal cancer tissues
(Salimi et al., 2018), therefore to ensure that the model used in this project was viable, ILC
subsets needed to be identified within the TME. To assess this, wildtype mice were inoculated
with B16 F10 melanoma via subcutaneous injection. Tumour tissue was harvested on day 12
post inoculation and tumour infiltrating lymphocytes (TILs) were isolated. ILCs were identified
by flow cytometry as described in wildtype (Figure 3.5.A). Characterisation showed that all
ILC subsets were present within the TME in the murine melanoma model. TbetZsGreen
reported mice were used for this experiment and therefore ILC1 subset could be identified by
their expression of Tbet (Tbet"Nkp46 " RORyt"). ILC2s were grouped into a single population
(CD127°CD25") due to low frequency of individual subsets. The predominant subset of the
TME was an ILC subset of this microenvironment was identified as Tbet'RORyt' Nkp46*
ILCl1s (CD127°CD25" p=0.01; NCR* p<0.0001; NCR" p= 0.0001) (Figure 3.5.A and B).
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Figure 3.5: ILC Characterisation in the TME. TbetZsGreen mice were inoculated with B16 F10
melanoma via subcutaneous injection into the right flank. 12 days post inoculation, tumor tissue and
non-involved skin was harvested, and cells were isolated. ILCs were identified by flow cytometry
as Lin'CD45* where Lineage is defined as CD3, CD5, CD8, CD11b,CDl11c,CD19,CD49b, Ter119,
F4/80,B220, NK1.1 and Grl. Representative gating strategy of ILCs in the TME (A). Summary of
ILC subsets within the tumor microenvironment (B), Data shown as Mean +/- SEM; n=4.
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3.3.4 PD-1 expression in ILCs is induced in the TME.

PD-1 expression on ILCs is variable between tissue and microenvironments. The TME is a
niche environment which is extremely inflammatory and, therefore, if PD-1 expression in ILCs
is driven by the microenvironment, it is important to establish how this environment may alter
PD-1 expression on ILC subsets as this could indicate potential targetability of ILCs within the
TME. As before, mice were inoculated with B16 melanoma cells via subcutaneous injection
and tumour tissue and non-involved skin was harvested as a comparison on day 12 post
inoculation. ILC subsets and PD-1 expression were evaluated by flow cytometry. ILCI
(Tbet"Nkp46"RORyt) cells had significantly increased levels of PD-1 expression in the tumour
when compared with non-involved skin (p=0.003; Figure 3.6B). An increase in PD-1
expression in ILC2s was also noted within the tumour (p=0.004; Figure 3.6C). Neither NCR"*
nor NCR™ ILC3s demonstrated any changes in PD-1 expression within the tumour (Figure 3.6D
and E).
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Figure 3.6: PD-1 expression is increased in the TME. TbetZsGreen mice were inoculated
with B16 F10 melanoma via subcutaneous injection into the right flank. 12 days post
inoculation, tumor tissue and non-involved skin was harvested, and cells were isolated.
ILCs were identified by flow cytometry and PD-1 expression was evaluated into each of
the subsets. ILCs were defined as Lineage'CD45" where Lineage was defined as CD3,
DC5, CD8, CD11b, CDllc, CD19, CD49b, F4/80, Ter119, Grl and NK1.1. Representative
flow plots showing PD-1 expression in ILC subsets in skin and TILs (A) and summary of
PD-1 expression shown in ILC1s (Tbet"Nkp46" RORyt) (B), ILC2s (CD127°CD25%) (C),
NCR* ILC3s (Nkp46"'RORyt") (D) and NCR™ (Nkp46'RORyt") (E) ILC subsets. Data
shown as Mean +/- SEM; N=4.
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Figure 3.7: PD-1 expression is induced by the tumour secretome. Wildtype spleen
cells were isolated and incubated with RBC lysis buffer as per methods. B16F10
melanoma cells were seeded in transwells and incubated for 4 hours at the indicated
ratios. PD-1 expression was assessed by flow cytometry analysis. ILCs were gated on
Lin"CD45". Flow cytometry plots shown (A) and summary of PD-1 mean fluorescent
intensity (MFI) shown in ILC1 (Tbet"NKp46*), ILC2 (CD127°CD25"), NCR* ILC3s
(RORyt'NKp46*) and NCR ILC3s (RORyt"Nkp467) n=1.Wildtype splenocytes were
incubated with B16 melanoma cells in in transwell or direct contact at a 1:1 ratio for
4hours for 37°C. PD-1 expression was evaluated on Tbet'NKp46* cells. Representative
plots showing PD-1, PDL-1 and PDL-2 expression (C) and summary of expression
shown (D). Data shown as mean +/- SEM; n=2
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3.3.5 Tumour secretome drives PD-1 expression in ILCs

Moral et al demonstrated PD-1 expression in ILC2s is driven by IL-33 in the TME (Moral et
al., 2020). This suggests that maybe PD-1 expression, like in T cells, is upregulated in response
to activation in ILCs. Transwell cultures were used to determine whether tumour cells need to
be in direct contact with ILCs in order to induce PD-1 expression. Spleens were harvested from
TbetZsGreen mice. Splenocytes were isolated and then cultured with transwells seeded with
B16 melanoma cells. Tumour cells were first seeded at various ratios to determine the optimum
ratio for maximal PD-1 expression (Figure 3.7A and B). This, not only showed that PD-1
expression was induced in the absence of direct contact with B16 melanoma cells, it also
demonstrated that 1:1 ratio with splenocytes was optimal for PD-1 expression in all ILC subsets.
In line with this, splenocytes were then cultured at a 1:1 ratio with melanoma cells, either alone
or in transwells at 37°C for 4 hours. PD-1 expression was shown to increase with transwell
incubation and upon stimulation with tumour secretome (Figure 3.7 C and D). Data also
suggests that PDL-2 expression may also be increased by the tumour secretome however data

suggests no changes in PDL-1 expression (Figure 3.7C and D).
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3.4.Discussion

This chapter was focused on characterising the murine strains which would be used throughout
the rest of the project. Furthermore, this chapter sought to determine PD-1 expression on ILC
subsets both in mucosal tissues and within the TME. Within our mouse model it was important
to ensure that ILC subset distribution was consistent with previously reported literature. As
shown here, ILC distribution was consistent to that report by Dutton et al., whereby ILC2s were
predominantly located within the lung and intestine (Dutton et al., 2017). Here it was also
demonstrated that group 1 like ILCs were also predominantly located in the liver in comparison
with other tissues, which has previously been demonstrated by Robinette et al.(Robinette et al.,
2017). In the Rag”" there was an observed increase in ILC subsets in tissue when compared
with the wildtype mice shown in ILC2s. Rag” mice have increase serum circulating levels of
IL-7 due to the absence of T cells which normally limit the availability of IL-7 (Guimond et al.,
2009). IL-7 is important for ILC development and fate decision, therefore an increase in serum
IL-7 in the absence of an adaptive immune system has been shown to specifically increases
ILC2 and ILC3 subsets (Korn et al., 2014, Van Gool et al., 2014, Roediger et al., 2013, Sawa
et al., 2011). Here, only an increase in ILC2 subsets were noted in the Rag”. The discrepancy
in results here compared with the literature could be due to differences in the cell markers used
for identifying ILC3s in humans. Previously they were described as RORyt" whereas here
individual subsets have been identified. Although there is a trend to suggest an increase in NCR"
cells within all tissues, it is likely that due to the biological variation between some samples
that this was not noted to be significant. Specifically, an increase in KLRG1" cells was seen
within the lung tissue The literature has previously focused purely on an increase in
GATA3"ILC2s whereas here, as with the ILC3 subsets, ILC2s have been further divided into
individual subsets. The differences between Rag”" and wildtype mice were important to note,
as alterations in ILC subsets result in changes in cytokine levels within the tissue
microenvironment which may be important to consider in subsequent experiments. Data within
this chapter, and throughout the project, from the tumour tissue has been represented as
frequency and data regarding cell number in the tumour tissue has not been demonstrated. For
analysis of spleen and lymph nodes, whole tissues were isolated and analysed so there was an
assumption of consistency between tissues. One downside of analysing tumour tissue, is that
tumour development is irregular and can vary vastly between animals. As a result of this,

quantification of cell counts would be inconsistent and therefore may show inaccurate trends.
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PD-1 expression was identified in all ILC subsets. Previously, in mouse, expression has only
been identified on ILC2s with Taylor et al showing no significant difference in PD-1 expression
in KLRG1* ILC2s within the skin, small intestine and lung (Taylor et al., 2017). These results
were replicated here, however here it was also shown that PD-1 expression in KLRG1" ILC2s
was significantly increased in large intestine compared with the other organs. There was also a
significant increase noted in ILC1 subset within the liver. This suggests that PD-1 expression
is strongly influenced by the tissue microenvironment which is consistent with the previous

study by Vacca et al (Vacca et al., 2019).

It was then demonstrated that the TME specifically drives PD-1 expression in Tbet' RORyt
Nkp46™ ILCls and ILC2s when compared with the same subsets from non-involved skin.
Tbet"Nkp46"RORyt ILC1s were identified as the predominant ILC subset within our model of
melanoma, and since this is the subset identified to have the biggest increase in PD-1
expression, it is a positive indication that these cells may adequately respond to aPD-1 therapy.
By demonstrating that PD-1 is upregulated on Tbet'RORytNkp46'ILCls and ILC2s, it
suggests that regulation of PD-1 in each tissue is specific to each ILC subset which may be
dependent on the cytokines or stimuli available at the time. This replicated what was shown in
human breast cancer, whereby PD-1 expression was increased in ILC2s in breast cancer
tumours when compared with ILC2s derived from patient PBMCs (Salimi et al., 2018). In both
this project and the study by Salimi et al, PD-1 expression was induced in the absence of
exogenous stimuli. This is in contrast to Moral et al, who showed in a murine model of
pancreatic cancer, IL-33 was needed to induce PD-1 expression within the TME. Here, I have
demonstrated that in the absence of exogenous stimuli, ILC subsets are still able to upregulate
PD-1 expression within the TME when compared with other tissues. Upon further examination
using transwell experiments, PD-1 expression was able to be induced in Tbet"Nkp46 " RORyt"
ILC1s by the tumour secretome alone, and there was no requirement for direct contact between

the tumour cells and the ILCs.

The data in the chapter has demonstrated that all ILCs are capable of expressing PD-1, which
appears to be in a tissue dependent manner. Of note, all ILCs have been identified within the
TME within our murine model of melanoma, with the predominant subset being Tbet RORyt”
NKp46* ILCls. PD-1 expression was significantly increased within the TME in this subset
which suggests that this subset may be responsive to therapeutic blockade of PD-1 and provides

the basis for investigation in subsequent chapters.
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3.5. Conclusions

In conclusion this chapter showed that:

e All ILC subsets were present in all tissues and distribution in mice strains used in this
study were consistent with previously shown literature.

e AIIILC subsets were able to express PD-1 in the absence of any exogenous additionally
stimuli and this expression was shown, in NKp46"RORyt ILC1s and KLRG1" iILC2s
to occur in a tissue dependent manner.

e [ILCs were still able to express the same levels of PD-1 in the absence of an adaptive
immune system suggesting that the main driver of PD-1 expression on ILCs is
environmental factors within selective tissues.

e All ILC subsets were shown to be present within the TME in the murine model of
melanoma.

e Specifically, Tbet'Nkp46"RORyt" ILC1s and ILC2s had significantly increased PD-1
expression within the TME.

e The tumour secretome alone was capable of inducing PD-1 expression in ILCs,

particularly in Tbet"Nkp46" ILCls.
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Chapter 4: Deficiency in PD-1 increases RORyt NK1.1'Nkp46* ILC1s
within the TME

4.1. Introduction

ILCs are present within the TME in several human cancers including breast cancer and
gastrointestinal cancer (Salimi et al., 2018, Tumino et al., 2019). The role of ILCs within mouse
are ambiguous with studies showing a role for ILCs in both promoting tumour development but
also providing tumour defence (Gao et al., 2017, Trabanelli et al., 2017, Moral et al., 2020,
Wang et al., 2020). In this study it has been demonstrated that all ILC subsets are capable of
expressing PD-1 within the TME, and also showing that PD-1, is upregulated within the TME
in ILC1 subsets and ILC2s. It is known that ILC2s are negatively regulated by PD-1 in the case
of helminth infection however whether the other ILC subsets are capable of being regulated is
yet to be determined. Since therapy is only successful in a certain number of patients it
highlights lack of knowledge in PD-1 modulation of the immune system. It is important to
define how PD-1 may modulate ILCs to better understand why some patients may not respond
to anti-PD-1 immunotherapy in the clinic. If PD-1 does in fact negatively regulate ILCs within
the TME, and therefore blockade would increase ILC subsets, it is unclear whether this would

in fact be beneficial or detrimental.

4.2. Aims:

The aims of this chapter are to:
1. Determine whether, in the absence of PD-1, ILCs are able to provide anti-tumour
protection
2. Assess whether the absence of PD-1 affects ILC frequency within the TME and
secondary lymphoid tissues and whether this affects a specific ILC subset.
3. Determine whether the absence of PD-1 modulates ILC function within the TME
4. Determine whether this modulation is specific to the melanoma model or whether it is

replicated within multiple murine models.
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4.3. Results

4.3.1. Absence of PD-1 leads to an increase in survival in murine tumour models.

To determine whether PD-1 may regulate ILCs in the context of tumour, it was first required to
determine how PD-1 deficiency may affect tumour growth. Wildtype and Pdcdl”- mice were
inoculated with B16 melanoma via subcutaneous injection and tumours were allowed to
develop. Tumour size was determined based on calculations by Schatton et al (Schatton et al.,
2008). Mice were euthanised when they exceeded the maximal size of 1200mm?. Pdcdl”
showed a significant increase in survival (p=0.01; Figure 4.1A) and a significant decrease in
tumour growth (p=0.03; Figure 4.1B-C). To ensure this is not a tumour specific response,
wildtype and Pdcdl”- mice were inoculated with 2 x 103 MC38 colon cancer cell line. As in the
melanoma model, Pdcdl”- mice had significantly increased survival (p=0.05; Figure 4.1D
along with a trend to suggest a decrease in tumour growth in the Pdcdl”- mice (p=0.08; Figure

4.1E and F).
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Figure 4.1: Absence of PD-1 protects against tumour growth. Wildtype and
Pdcdl” mice were inoculated with 2 x 10° BI6F10 Melanoma cells via subcutaneous
injection. Mice were euthanised when they reached a maximal tumour volume of
1200m3. Mouse survival shown (A). Tumour volume was calculated using the
following equation: (7/6) x 0.5 x Length x Width? (Schatton et al). Tumour volume
shown in wildtype mice (B;Left panel) and Pdcdl” mice (B; right panel). Summary
of tumour volume on Day 10 post inoculation shown (C). Wildtype and Pdcdl”- were
inoculated with 2 x 10° MC38 colon cancer cells via subcutaneous injection. Mice
were euthanised when the reached a maximum tumor volume of 1200m?. Mouse
survival shown (D). Tumour volume shown in wildtype mice (E; left panel) and in
Pdcdl” (E; right panel). Tumour volume at day 14 post inoculation (F). N=4-6; An
unpaired T test was used to determine significance. Data shown as Mean + SEM
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PD-1 is widely known to negatively regulate T and B cells. To ascertain determine whether this
protective effect was due to T cells or innate immune cells, Rag”” were inoculated with 2 x 103
B16 F10 Melanoma cells via subcutaneous injection. From day 7 post inoculation mice were
treated with either aNK1.1 and/or aPD-1 or isotype control on alternate days until mice reached
the humane endpoints. No significant difference was noted between the aPD-1 therapy group
and aNK1.1 + aPD-1 therapy group (p=0.897; Figure 4.2B) suggesting that NK cells are not
required for effective aPD-1 therapy. To ensure that therapy was effective in blocking NK cells
and that they were not driving responses, TILs were isolated on day 12 post inoculation and the
effectiveness of aNK blockade was assessed (Figure 4.3). Here it showed that NK cells were
sufficiently diminished when treated with aNK1.1 blockade showing that they are unable to

drive the protection provided in the absence of PD-1 signalling in the mice (Figure 4.3).
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Figure 4. 3. Anti-NK1.1 therapy blocks NK cells. Rag_/_ mice were inoculated with 2 x 105
B16 F10 melanoma cells via subcutaneous injection. Mice were administered with 200ug of
oPD-1 (clone:RPM1-4) or Isotype control (Rat IgG2a; clone: 2A3 ) and 200ug of aNK1.1
(clone: PK136) or isotype control (mouse IgGla; cloneC1.18.4 ) on alternate days from day
7 onwards. Mice were euthanised on day 12 inoculation and tumour infiltrating lymphocytes
were isolated. ILCs were defined as Lin"CD45*. Representative gating strategy shown (A).
Representative flow plots showing NK cell populations in mice treated with isotype, aNK1.1,
oPD-1 or aNK1.1 and aPD-1 therapy (B).

This suggests that the protective effect of aPD-1 is not driven by NK cells and is in fact driven
by other cells of the innate immune system. To establish whether this was specifically driven
by ILCs rather than the other immune cells present within the tissue a further experiment was
carried out wherein Rag” mice were administered with 100ug or aCD90.2 in order to deplete
ILCs or they were treated with isotype control. Four days later, mice were inoculated with 2 x
105 B16 melanoma via subcutaneous injection. Mice were then administered with aCD90.2
(200pg) and aNK1.1 (200ug) or isotype controls. Mice were euthanised when mice reach the
humane endpoints (Figure 4.4A). This treatment regime was altered during the experiment, due
to decline in mouse health after initial injection with aCD90.2. Absence of ILCs was still

confirmed via flow cytometry. There was no difference in survival noted between any of the
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therapy groups (Figure 4.4B) nor was any significant difference noted in tumour growth

between the experimental groups (Figure 4.4C).

There was no significant change noted between any of the therapy groups in the absence of
ILCs. This suggested that aPD-1 therapy is producing an anti-tumour response through the
modulation of ILCs rather than NK cells or other innate immune cells present within the tumour
tissue. In order to further determine how the absence of an adaptive immune system, NK cells
and PD-1 might affect ILCs, Rag” were inoculated with B16 F10 melanoma as before and then
mice were treated with either aNK1.1 and/or aPD-1 or isotype control (Figure 4.5A). Mice
were euthanised on day 12 post inoculation and tumour infiltrating lymphocytes (TILs) were
isolated and innate subsets were analysed via flow cytometry. FMO controls were used to
identify cells (Figure 4.5B-F). There were no differences observed in DCs (Figure 4.5H),
monocytes (Figure 4.51), granulocytes (Figure 4.5]) and macrophages (Figure 4.5K). There was
however a significant increase noted in the ILCs (p=0.03 and p=0.005; Figure 4.5G). This
suggests that the aPD-1 therapy is exclusively targeting the ILC subsets of the innate immune

system and not targeting the other cells of the innate immune system.
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Figure 4.4.: ILCs drive protection against tumour growth in the absence of PD-1.
Rag”" mice were treated with 100pg of aeCD90.2 (clone:30H12) or isotype control (rat
IgG2b; clone: LTF2) via intraperitoneal injection 4 days prior to inoculation with
tumour cells. On day 0, mice were inoculated via subcutaneous injection with 2 x 10°
B16 F10 melanoma cells. Mice were administered with 200pg of aCD90.2 or isotype
control; 200ug of aPD-1 (clone: RPM1-4) or isotype control (Rat IgG2a; clone: 2A3)
and 200ug of aNK1.1 (clone: PK136 ) or isotype control (mouse IgG1a; clone:
C1.18.4) on alternate days from day 7 onwards for the duration of the experiment (A).
Mice were euthanised when they reached the humane endpoint of 1.5¢cm mean
diameter. Mouse survival curve shown (B). Tumour volume was calculated and is
shown on day 10 (C; left panel, day 12 (C; middle panel) and day 14 post inoculation
(C; right panel). N=5-7; Data = Mean +- SEM.

94




A.
A

! I

2Da)i (())< Day 7 Day 9 Day 11 Day 12
B16 M Ix m 200pg of either 200pg of either 200ug of either Mice euthanised
i he al:(?n‘a C~e N aNKI.1 orisotype:  aNKI1.1 orisotype; aNKI.1 orisotype; and tissues
viasub cutinjection. aPD-1 or isotype aPD-1 or isotype aPD-1 or isotype harvestd
B. . )
\ o ‘ o’ 30.1
Live/Dead
C. D. E.
o .
. 1 5 E
2 "3
= ]
8 ot 1 A
s OF #]
4 74 ]
o -]
] B . A - B e 30.7
e - =
A L RR P AP A
]
) 4
1
'] 1
2] &
, ,
} ]
E I 1 . Y o4
FSC-A FSC-A L - ESCA
G. H. I.
p=0.005 z g
10¢ g g
—_ p=0.03 02 10( :2 10
g = £
2 2 o
2 [}
o 3 2
s S g 8
k] £ =
: 5 3
g )
g 2
P @ W N N g 4 g ,
S g & o
e 8 C o = & & o [ & > N ~
& < o
& EE P A
S ° & &
£ 10 T S &
g g
2 b
I T
; ©
® S
51 5
3 g
) g
g g
g 1 b |
= ~ IN IN
& S g g N N ~
A EE A
A ¥ o
& &i_\-

Figure 4.5. Blockade of PD-1 specifically increases IL.Cs in the TME but no other
innate immune subsets. Rag” mice were inoculated with 2 x 10° tumour cells via
subcutaneous injection. Day 7 post inoculation, mice were treated with 200pg of aPD-1
(clone: RPM1-4) or isotype control (Rat IgG2a; clone:2A3) and 200pug of aNKI.1
(clone:PK136) or isotype control (mouse IgGla; clone: C1.18.4) on alternate days from
day 7. Mice were euthanised on day 14 and tumour infiltrating lymphocytes (TILs) were
isolated and immune subsets were quantified and analysed (A). Representative gating
strategy of immune cell analysis (B). Representative graph of macrophages (C) dendritic
cells (D), granulocytes (E) and monocytes (F) with corresponding FMO controls below.
Summary of ILCs (G), Dendritic cells (D), macrophages (E), monocytes (F) and
granulocytes (G). N=3-5; Data shown as Mean + SEM.
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4.3.2. Absence of PD-1 significantly increases Nkp46*RORw ILCIs within the
TME

In this study, ILCs were shown to be the only cell of the adaptive immune system to be
responsive to alPD-1 therapy within the TME in mouse. The literature has demonstrated that all
ILC subsets are capable of showing varied responses to tumour progression. They have all,
however, demonstrated that they are capable of providing anti-tumour responses. It was
therefore critical to identify which specific ILC subsets are responding to the blockade of PD-
1 signalling as this is important when assessing whether they are detrimental or beneficial to
tumour development and progression. In order to do this, wildtype and Pdcdl”- mice were
inoculated with B16 F10 melanoma and mice were euthanised on day 12 post inoculation. TILs
were isolated and ILC populations were identified by flow cytometry (Figure 4.6.A and B).
Nkp46"RORyt” ILC1 subset were shown to be the only subset to be significantly increased
within the Pdedl”- mice (p=0.02; Figure 4.6.C). This was shown to be the only subset which
responded to a lack of PD-1 signalling (Figure 4.6.D-H). This is consistent with previous
findings whereby ILC1 subset had significant increase in PD-1 expression within the TME and

that they were the most abundant cell subset within the melanoma TME.

To determine whether this was tissue specific, ILCs were also characterised in the tumour
draining lymph nodes (TDLN) (Figure 4.7.A-D). There was a significant increase noted in the
total cell number of ST2" nILC2s, whereas no difference was noticed in the NKp46 " RORyt"
ILCI subset (Figure 4.7.G). This suggests a tissue specific regulation of ILC subsets with group
2 subsets being increased in the TDLN but with ILC1 subset cells being increased within the
TME. ILC subsets within the spleen showed no differences between the wildtype mice and the
Pdcdl”" in any of the subsets (Figure 4.8.A-D).
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Figure 4.6: Deficiency of PD-1 increases the frequency of Nkp46*RORyt NK1.1-
ILC1s within the TME. Wildtype and Pdcdl" mice were inoculated with 2 x 10° B16
F10 melanoma cells via subcutaneous injection. Mice were euthanised on day 12 post
tumour inoculation and tumour infiltrating lymphocytes were isolated and ILC
populations were analysed (A). Representative plots of ILC populations from wildtype
(B; top panels) and Pdcdl” mice (B; bottoms panels). Summary of RORyt
NKp46*NK1.1- ILCls (C), NCR* ILC3s(D), NCR- ILC3s (E), KLRG1* ilLC2s (F),
KLRG1*ST2* mILC2s (G) and ST2* nILC2s (H) N= 5; Data shown as Mean+tSEM
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Figure 4.7.: Deficiency of PD-1 increase ST2+nILC2s within the TDLN in
murine melanoma. Wildtype and Pdcdl”- mice were inoculated with 2 x 10°
B16 F10 melanoma cells via subcutaneous injection. Mice were euthanised on
day 12 post tumour inoculation. Lymphocytes from tumour draining lymph nodes
(TDLN) were isolated and ILC populations were analysed (A). Representative
plots of ILC populations from wildtype (B; top panels) and Pdcdl”- mice (B;
bottoms panels). Summary of frequency (top panels) and absolute cell count
(lower panels) in NKp46*RORyt ILCl1s (D) KLRG1*iILC2s(E), KLRGI1+ST2*
mILC2s(F), ST2*nILC2s(G), NCR* ILC3s (H) and NCRILC3s(I) shown. N=5;
Data shown as Mean+SEM
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Figure 4.8.: Deficiency of PD-1 does not alter ILC subsets within the spleen in
murine melanoma. Wildtype and Pdcdl”- mice were inoculated with 2 x 10° B16
F10 melanoma cells via subcutaneous injection. Mice were euthanised on day 12
post tumour inoculation and spleenocytes were isolated and ILC populations were
analysed (A). Representative plots of ILC populations from wildtype (B; top
panels) and Pdcdl” mice (B; bottoms panels). Summary of frequency (top panels)
and absolute cell count (lower panels) in NKp46*RORyt ILCls (D) KLRG1*
ILC2s(E), KLRG1*ST2*ILC2s(F), ST2*ILC2s(G), NCR* ILC3s (H) and NCR-
ILC3s(I) shown. N=5; Data shown as Mean+tSEM
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4.3.3. Absence of PD-1 increases type 1 cytokine expression in ILCs within the
TME.

Absence of PD-1 significantly increases ILCs within the TME (Figure 4.5.G). In order to
elucidate whether PD-1 deletion may impact the function of ILCs, the cytokine production of
ILCs in the TME was assessed. Wildtype and Pdcdl”- mice were inoculated with 2 x10° B16
F10 melanoma cells via subcutaneous injection. Mice were euthanised 12 days post inoculation
and TILs were isolated. TILs were stimulated for 4 hours at 37°C with cell stimulation cocktail
containing phorbol myristate acetate (PMA), ionomycin, brefeldin A and monensin. Cells were
then analysed by flow cytometry and cytokine production was assessed in LinCD45" ILCs
(Figure 4.9.A). ILCs showed no significant changes in the expression of the group 2 cytokines
namely IL-5 and IL-13 (Figure 4.9.C) or in the group 3 cytokines namely IL-17 and IL-22
(Figure 4.9.G). Data did however show a significant increase in cells that expressed multiple
cytokines namely IL-13"ILS'TFNy* (p=0.05; Figure 4.9.D). There was also a trend to suggest
an increase in IFNy expression (Figure 4.9.E and F) however this was not shown to be
significant (p=0.08). There is no evidence to suggest a significant increase in cells which
express both group 3 cytokines and IFNy*, with this phenomenon is only seen in the cells which

express both group 2 and group 1 cytokines.

101



R —

SSC-A >

B. wildtype

2626

26211 Iz 261 < iagy
2 2 Z"]
1966 £ 1966 oot £ s Ew
10° ¢
1311 1311
) : 874 he
655 63| o
34.63 0846 3583 31
0 RGN IS S 0 T N 0 Frrerrre 0 o - o
0 655 1311 1966 2621 o &s 1966 2621 100100 100 100 10100 106 10100 100 100 100 10° 10¢ ol
FSC-A | FSC.A | Lineage CD45 100
£ g
R 4
§ 2 &
= b, 2
5 4 A 2 s
§ - 5 2 g 2
Y
: EE + & 3 -+
w "
[
oL R S M W~
Wildtype.  Pdcd1” Wildtype.  Pdcd1” Wildtype.  Pdcd1”
D.
g 8 =
& 46 £
= = &
T 7 BN
=) ~ b
e & a
3 = A 5
g . s 5 3
P S L I
$ . £ L
A
w w
o £, e o + \
T T T 0 T . = -
Wildtype.  Pdcd1” Wildtype.  Pdcd1” Wildtype.  Pdcd1”
E. _
g -
o s 9
-} <
:‘5 p=0.09 w +
(]
z I £ £
& A 5 2
< z <
° L4 o
3 5
g Ee .
w N Iy A
o e " § o N = i
Wildtype.  Pded1” Wildtype.  Pded1” Wildtype.  Pdcd1”
F.
IL-5*TL-13* 1L-13*
10007 1000 1000
7804 750 750
500 500 s00
250 250 250~
o . o o
10! -10° 10 10° 10
IENy
G —
. 9 I3
~ 80 2 S
8 ’E a N p=0.08
5 R £ z
z % g
>
5 g 8
5 0
= 4w A : 4
5 = 5
s j:
g N g
g 4 g A
T, ats g o : ; T o :!-_- =
[y
Wildtype.  Pdcd1” Wildtype.  Pdcd1” Wildtype.  Pdcd1”
H g
.-~ & -~
g8 z R
e F3 T
F3 = F3
i 6 [
S 3 &
- T o
= 4 = =
5 3 s
= A
2y i . g
3 N g § . AI‘
g = 3 o ] e . [
o rl [ N w ° v
N w X IS
& & 3&3 &




Figure 4.9.: Absence of PD-1 increases type 1 cytokine expression. Wildtype and
Pdcdl”- mice were inoculated with 2 x 10° B16 F10 melanoma cells via subcutaneous
injection. Mice were euthanised on day 12 post tumour infiltrating lymphocytes (TILs)
were isolated. Cells were stimulated with PMA, ionomycin, brefeldin A and monensin at
37°C for 4 hours. ILCs were then analysed were by flow cytometry and cytokine
production was analysed. Representative flow cytometry plots shown (A). Representative
flow plot showing IFNy production in TILS (B). Summary of type 2 cytokine expression
(IL-5 and IL-13; C), type 3 cytokine expression (IL-17 and IL22; D) and type 1 cytokine
expression (IFNy and TNFa; D). Representative histograms showing IFNy production in
IL-5+, IL-5* and IL-13*and IL-13* ILCs in wildtype (grey) and Pdcdl” (F). Summary of
ILCs expression of type 2 cytokines and IFNy (G). Summary of ILC expression of type 3
cytokines and IFNy (H). N=5; Data shown as Mean + SEM

4.3.4. PD-1 drives the changes in Thet' NKp46*RORy Eomes NK1.1- ILC1s within
the TME.

It has been demonstrated that NKp46'RORyt ILCls are present and response to PD-1
signalling within the TME. Within the previous chapter it was demonstrated that PD-1
expression was significantly increased within Tbet ' NKp46 " RORyt ILC1s within the TME. In
order to further investigate this cell type further, Eomes and Tbet expression was further
investigated within these ILC1s. NK cells are distinguished from ILC1s through the expression
of Eomes, being defined as Eomes™Tbet", whereas ILCls are associated as being Eomes".
Therefore, Eomes expression was assessed on these cells in order to confirm they were ILCls
and not NK cells. A novel strain of mice was then utilised to determine whether these cells
were significantly modulated in the absence of PD-1 signalling. The novel strain, namely
Pdcdl”"TbetZsGreen, both lack PD-1 and also have fluorescently labelled Tbet in order for
these cells to be easily identifiable. TbetZsGreen mice and Pdcdl” TbetZsGreen were
inoculated with B16 F10 melanoma cells and tumours were allowed to establish. Mice were
euthanised on day 12 post inoculation and TILs were isolated and ILCs were assessed. Here, it
was demonstrated that in the absence of PD-1, there was a significant increase in Tbet"Eomes™
NKp46' RORyt” ILC1s within the TME (Figure 4.10.A-C). Of note, there was no significant
difference noted in Eomes® subset of cells within the TME (Figure 4.10.B and C). In order to
further determine how lack of PD-1 may affect ILC function, proliferation was assessed within

the Tbet"Nkp46" ILC1s and demonstrated that there was as significant increase in Ki67 staining
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(Figure 4.10.D). In conclusion, PD-1 deficiency significantly increases ILC1 function through

cytokine expression and cellular proliferation.
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4.3.5. Nkp46*RORy ILClIs are significantly increased in the TME upon PD-1
blockade

Global deletion of PD-1 results in alterations in ILCs within the TME (Figure 4.5). Data has
demonstrated that lack of PD-1 results in a decrease in tumour growth and enhances specific
ILC subsets in various tissues (Figure 4.1 and Figure 4.6 respectively). This data has not,
however, demonstrated whether ablation of PD-1 signalling prevents initial tumour engraftment
or whether it enhances anti-tumour defences in developed tumours. Anti-PD-1 therapy is used
to treat a number of cancers (Callahan et al., 2016, Topalian et al., 2012); a treatment which is
administered post tumour development following presentation within the clinic. For ILCs to be
a viable target for anti-PD-1 therapy, the melanoma model was adapted to make it more
clinically relevant. Wildtype mice were inoculated with B16 F10 melanoma via subcutaneous
injection. On day 7 post inoculation, when the tumour become visible, mice were injected with
either aPD-1 therapy (200ug per mouse) or isotype control. Mice were treated on days 7, 9 and
11 post tumour inoculation and mice were euthanised on day 12. TILs, spleen and TDLN were
harvested and ILC populations were analysed. Administration of PD-1 blocking antibody
showed that there was a significant increase in Nkp46"RORyt™ ILC1s within the TME (p=0.02;
Figure 4.11A-C). This mirrored what was seen in the Pdcdl”- mice, whereby there was also no
difference noted in the other ILC subsets (Figure 4.11C). In the TDLN, however, there was no
significant changes in ST2* nILC2 numbers following aPd-1 therapy which is in contrast to the
findings in PdcdI”~ mice (Figure 4.12 A-C). The ILC subsets within the spleen mirrored what
was seen within the Pdcdl”- mice whereby there were no significant changes in ILC subsets
between mice treated with aPD-1 therapy and mice treated with isotype control (Figure 4.13
A-C). This suggests that therapeutic blockade of PD-1 signalling in driving ILCs following
tumour development and suggests that ILCs, particularly Nkp46"RORyt" ILCls, could be
targeted within the TME with therapy as these cells appear to respond to aPD-1 therapy. In
order to ensure that findings were not tumour specific, the experiments were repeated in a
subcutaneous model of colon cancer using MC38 tumour cell line. As with the melanoma
model, mice were inoculated with 2 x 10° MC38 cells via subcutaneous injection. Mice were
administered with aPD-1 therapy (or isotype control) on day 7, 9 and 11 and TILs were
harvested on day 12. This mirrored findings seen within the melanoma model whereby,
exclusively, there was an increase in NKp46"RORyt” ILC1s within the TILs (p=0.03;Figure
4.13 A-C).
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Figure 4.11.: Nkp46*RORyt- ILCl1s increase in response to PD-1 blockade
within the TME. Wildtype mice were administered with 2 x 10° B16 F10
melanoma cells via subcutaneous injection. Tumor growth was monitored
throughout the study. On day 7,9 and 11 post inoculation mice were administered
with aPD-1 therapy (200ug) or isotype control. Mice were euthanized on day 12
post inoculation and tumor infiltrating lymphocytes were isolated (A). ILC were
characterized as Lin"CD45*. Representative flow plots of the gating strategy from
wildtype mice (B). ILC2s were defined into three individual subsets
KLRGIHILC2s, KLRG1+*ST2*mILC2s, ST2*nILC2s. ILCls were defined as
Nkp46*RORyt. ILC3s were split into 2 subsets; NCR*: Nkp46*RORyt* and NCR-
; Nkp46:'RORyt*. Representative flow plots from mice treated with isotype (top
panel) and aPD-1 therapy (bottom panel) (C). Summary of ILC subset frequency;
NKp46*RORyt(D) KLRG1* ILC2s(E), KLRG1*ST2*ILC2s(F), ST2*ILC2s(G),
NCR* ILC3s (H) and NCRILC3s(I). N=8 mice. Data represents 2 repeated
experiments. Data shown as mean + SEM.
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Figure 4.12: ILC subsets remain unaffected by aPD-1 therapy within the TDLN nor
the spleen. Wildtype mice were administered with 2 x 10° B16 F10 melanoma cells via
subcutaneous injection. Tumor growth was monitored throughout the study. On day 7, 9
and 11 post inoculation mice were administered with aPD-1 therapy (200ug) or isotype
control. Mice were euthanized on day 12 post inoculation and tumor infiltrating
lymphocytes were isolated. ILC were characterized as LinCD45*. Representative flow
plots of the gating strategy from spleen from wildtype mice (A). ILC2s were defined into
three individual subsets KLRG1+ILC2s, KLRG1*ST2*mILC2s, ST2*nILC2s.ILC1s were
defined as Nkp46*RORyt. ILC3s were split into 2 subsets; NCR*: Nkp46*RORyt* and
NCR"; Nkp46 RORyt*. Representative flow plots from mice treated with isotype (top
panel) and aPD-1 therapy (bottom panel) (B). Summary of ILC subset frequency in TDLN
(C) and total cell count (D). Summary of ILC subset frequency (E) spleen. N=4 mice. Data
shown as mean + SEM.
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Figure 4.13: Nkp46*RORyt- ILCl1s increase in response to PD-1 blockade in the
MC38 colon cancer. Wildtype mice were administered with 2 x 10> MC38 cells via
subcutaneous injection. Tumor growth was monitored throughout the study. On day 7,9
and 11 post inoculation mice were administered with aPD-1 therapy (200ug) or isotype
control. Mice were euthanized on day 12 post inoculation and tumor infiltrating
lymphocytes (TILs) were isolated. ILC were characterized as Lin'CD45*. Representative
flow plots of the gating strategy from spleen from wildtype mice (A). ILC2s were defined
into three individual subsets: KLRG1+ILC2s, KLRG1*ST2*mILC2s and ST2*nILC2s.
ILCIs were defined as Nkp46*RORyt. ILC3s were split into 2 subsets; NCR*:
Nkp46*RORyt* and NCR-; Nkp46'RORyt*. Representative flow plots from mice treated
with isotype (top panel) and aPD-1 therapy (bottom panel) (B). Summary of ILC subset
frequency in TIL (C). N=4-5 mice. Data shown as mean + SEM.

4.3.6. PD-1 blockade does not alter ILC subsets within the TME in the absence of

an adaptive immune system

PD-1 therapy was shown to significantly increase Nkp46"RORyt” ILC1s within the wildtype
mice (Figure 4.11 and Figure 4.13). It was then important to investigate to what extent this was
driven and influence by the adaptive immune system. In order to test this, Rag” mice were
inoculated with B16 melanoma cells via subcutaneous injection. Day 7, 9 and 11 post
inoculation mice were treated with aPD-1 therapy or isotype control and TIL and spleen were
harvested on day 12. In Rag”" there was no significant increase in any of the ILC subsets within

the TME. There was a trend to suggest an increase but there was no significant increase noted

(Figure 4.13 and 4.14).
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Figure 4.14: PD-1 blockade does not alter IL.C subsets in the TME nor the spleen
in the absence of an adaptive immune system. Rag”- mice were administered with 2
x 10° B16 melanoma colon cancer cells via subcutaneous injection. Tumor growth was
monitored throughout the study. On day 7, 9 and 11 post inoculation mice were
administered with aPD-1 therapy (200ug) or isotype control. Mice were euthanized on
day 12 post inoculation and tumor infiltrating lymphocytes (TILs) were isolated. ILC
were characterized as Lin"CD45*. Representative flow plots of the gating strategy from
spleen from wildtype mice (A). ILC2s were defined into three individual subsets
KLRGIHILC2s, KLRG1*ST2*mILC2s and ST2* nILC2s. ILCls were defined as
Nkp46*RORyt. ILC3s were split into 2 subsets; NCR*: Nkp46*RORyt* and NCR;
Nkp46'RORyt*. Representative flow plots from mice treated with isotype (top panel)
and oPD-1 therapy (bottom panel) (B). Summary of ILC subset frequency in TIL (C).
Summary of ILC subsets frequency (D) in spleen. N=4-5 mice. Data shown as mean
+ SEM.

4.3.7. Tbet'Nkp46*RORy ILCls were significantly increased in a murine model of

metastatic melanoma.

In an initial experiment assessing tumour growth in a murine model of subcutaneous model
using wildtype mice, it was observed that wildtype mice appeared to have reduced metastasis
when treated with aPD-1 antibody in comparison to treatment with isotype control (Figure
4.15). To further evaluate this, a metastatic model of melanoma was established. This was
achieved by Pdcdl”- and wildtype mice receiving an intravenous of B16 melanoma cells. This
allowed B16 melanoma cells to establish in the lung. Mice were inoculated with 0.5 x 10* in
order to optimise the model as it has not been established before. As tumour development
occurs within the lung, mice health was monitored through changes in body weight. Consistent
with the subcutaneous model, mice were euthanised on day 12 post inoculation. There were no
visible tumours within the lungs, therefore no visible differences between the wildtype and
Pdcdl”- mice (Figure 4.15 A) nor was any difference observed within the lung weight. When
immunobiology was assessed, however, there was a trend to show an increase in
NKp46'RORyt” ILCls within the lung tissue (p=0.08; Figure 4.15 A-D). There was no
differences noted within the other ILC subsets within the lung tissue; mirroring what was shown
in the subcutaneous models of both melanoma and colon cancer model. Of note, no difference
was noted in any of the ILC subsets within the TDLN, particularly important to note as this

contrasts the finding seen in the subcutaneous model of melanoma.
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Figure 4.15: PD-1 blockade does not alter ILC subsets in the lung in a
murine model of metastatic melanoma. Wildtype and PD-17- mice were
administered with 0.5 x 10* B16 melanoma cells via intravenous injection. Mice
were euthanized on day 14 post inoculation. Lung tissue and tumour draining
lymph nodes (TDLN) were isolated. Representative images of lungs shown (A).
ILC were characterized as Lin'CD45*. Representative flow plots of the gating
strategy from lung from wildtype mice (B). Representative flow plots of NKp46
and RORyt expression from wildtype and PD-1-- mice shown (C). Summary of
NKp46*RORyt ILCs within the lung tissue shown (D). ILC2s were defined into
three individual subsets KLRGI1*ILC2s, KLRGI1+*ST2*mILC2s and ST2*
nlLC2s. ILCl1s were defined as Nkp46*RORyt . ILC3s were split into 2 subsets;
NCR*: Nkp46'RORyt* and NCR-; Nkp46:'RORyt*. Summary of ILC subset
frequency in TIL (E). Summary of ILC subsets frequency (F) and absolute cell
count (G) in TDLN. N=9-11 mice. Data represents 2 experiments. Data shown
as mean + SEM.

4.3.8. Absence of PD-1 protects mice against induced colorectal cancer

In order to further elucidate the role of PD-1 in the development of tumours and the function of
ILCs, an inducible model of colorectal cancer was established. Mice were treated with a single
dose of AOM (12.5mg/kg) and then received 3 cycles of DSS treatment (3% in drinking water).
The first cycle lasted for 5 days and then due to rapid decline in murine health, cycles 2 and 3
were reduced to 3 days period. Clinical weight was used as a measured of clinical inflammation
within the mice. In the absence of PD-1 there was a significant increase in weight loss which is
linked with clinical weight loss (Figure 4.16A). Although absence of PD-1 was able to protect
against tumour burden there was as significant increase in intestinal inflammation as shown by
a decrease in intestinal length in Pdcdl”- mice (Figure 4.16B-D). In order to assess the
contribution of ILCs, large intestine and mesenteric lymph nodes (MLN) were isolated and
lymphocytes from these tissues were analysed within the tissue. In the intestinal tissue there
was no significant differences noted in either Nkp46" RORyt™ or in Tbet"'Eomes Nkp46 " RORyt
ILC subsets (Figure 14.16E). There was a trend to suggest an increase in Nkp46"RORyt™ cells
within the MLN (p=0.09; Figure 4.16F) but no significance was reached. Colitis and intestinal
inflammation have been suggested to be driven by ILC3 subsets (Geremia et al., 2011).
Although again no significance was reached, there was a trend to suggest an increase in NCR™"
ILC3s within the intestine (p=0.09; Figure 17G) and a trend to suggest a decrease in NCR"
ILC3s within the MLN (p=0.07; Figure 17H). This could be an indication that ILC3s are indeed
driving the inflammatory response seen in the absence of PD-1, and could be an indication that,

as with human ILC3s, PD-1 may be regulating ILC3s within the tissue.
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Figure 4.16: Absence of PD-1 protects against tumour burden in DSS
induced colitis. TbetZsGreen and Pdcdl” TbetZsGreen mice were treated with a
single dose of AOM followed by 3 cycles of DSS. Weight loss was monitored
throughout the experiment as a measure of clinical inflammation (A). Mice
euthanised on day 55 and tissues were harvested. Tumour burden was assessed
(B) and intestinal length was recorded (C). Representative image of large
intestine within the experimental mice; arrows indicate tumour burden (D). Large
intestine and mesenteric lymph node (MLN) were isolated and ILC components
were analysed. ILCs were identified as Lineage  (CD3, CDS5, CDS, CD11b,
CDll¢c, CD19, CD49b, Grl, Nk1.1, F4/80 and Ter119) Thyl*. Summary of
Nkp46 " RORyt cells and Tbet Nkp46" RORyt Nkp46* within the large intestine
(E) and within the MLN (F) and ILC3 subsets within the large intestine (G) and
MLN (H). N=8-9. Data shown as Mean+=SEM. *p<0.05, **p<0.005,
**%p=0.0001 and ****p<0.00001
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4.3.9. PD-1 signalling inhibits glycolysis in Thet' Nkp46*Eomes RORy ILCls
within the TME.

It has been demonstrated that PD-1 specifically regulates ILCs within the TME. In T cells, PD-
1 signalling prevents glycolysis and increases fatty acid oxidation (Patsoukis et al., 2015). In T
cells, metabolic profile is associated with T cell function with glycolysis being associated with
an effector phenotype. Fatty acid oxidation on the other hand, is associated with T regulatory
cells and a senescence phenotype. In order to determine whether PD-1 signalling modulated the
metabolic profile of ILCs, ILC metabolism was assessed within ILCs within the TME. Prior to
euthanisation, mice were treated with either fluorescently labelled BODIPY or 2-NBDG.
BODIPY is a fluorophore which is conjugated to palmitate, a fatty acid which is up taken by
the cell which means fatty acid oxidation can be measured by flow cytometry. Similarly, 2-
NBDG is a fluorescent glucose analogue, which, through flow cytometry, can be used to
measure cellular uptake of glucose. As this is a novel assay for our laboratory, the experiment

was first optimised using wildtype mice.

In order to adequately assess metabolism, mice were treated with IL-33 (100ng/mouse) to
stimulate ILC subsets. Mice were inoculated with either BODIPY (50ng/mouse) 60 minutes
prior to euthanisation or 2-NBDG (100ug/mouse) 15 minutes prior to euthanisation.
Splenocytes were isolated and ILCs were analysed by flow cytometry (Figure 4.17 A-C). Here
it was demonstrated that, within Tbet"Nkp46"Eomes RORyt" ILC1s, BODIPY fluorescence
was able to be identified within the splenocytes. Equally there was an increase in 2-NBDG
however as this was not as significant as previously reported literature, therefore in subsequent
experiments 2-NBDG was administered by intravenous injection. For the tumour experiments,
a subcutaneous model of B16 F10 melanoma was established in Pdcdl”- and wildtype mice.
Mice were treated with BODIPY or 2NBDG prior to euthanisation as previously described.
There was a significant decrease in BODIPY signalling in the absence of PD-1 signalling,
similarly there was a significant increase in 2-NBDG signalling in the Pdcdl”- mice when
compared with the wildtype mice (Figure 4.17 D-E). This suggests that with the lack of PD-1
signalling, there is a metabolic shift whereby there is an increase glucose uptake and a decrease

with fatty acid oxidation.
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Figure 4.17: PD-1 regulates cellular metabolism in Thet"Nkp46"RORyt' Eomes
ILC1s within the TME. Wildtype and Pdcdl”- mice were inoculated with 2 x 103
B16 F10 melanoma cells via subcutaneous injection. Tumours were allowed to
develop until a tumour size of 800-1000mm? and mice were euthanised. Prior to
euthanisation mice were treated with either BODIPY or 2-NBDG for 60 minutes or
15 minutes respectively. TILs were then isolated and analysed by flow cytometry.
Representative flow gating showing identification of ILCs (A) and Tbet'RORyt
Nkp46*Eomes™ ILCls. Flow data demonstrating optimisation experiment (C).
Representative flow analysis of BODIPY staining in TbetZsGreen (Grey) and
Pdcdl”" TbetZsGreen (purple) mice. Summary of BODIPY and 2-NBDG staining
(E). N=10, Data representative of 2 experiments; shown as mean +- SEM.
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4.4. Discussion

PD-1 regulates Tbet"Nkp46*Eomes RORyt ILCls within the TME by regulating cytokine
production and cellular proliferation; an observation which was conserved in a subcutaneous
and metastatic model of melanoma, subcutaneous model of colon cancer and inducible AOM

model of colon cancer.

It was first established that in the absence of PD-1, there is a significant decrease in tumour
growth and increased survival (Figure 4.1). As these mice are immune competent and have
fully functioning immune system it was unclear what was driving this immune protection as
PD-1 is known to regulate both the adaptive and innate immune system. In order to assess the
contribution of the innate immune system in protecting against tumour development, this model
was established in Rag”~ whereby there was a significant decrease in tumour development
observed in the absence of both an adaptive immune system and NK cells. In this experiment,
it was observed that the was an increase in survival within the mice treated with aPD-1 therapy
and combined aPD-1 and aNK1.1 therapy (Figure 4.2). Since no difference was noted between
these groups, it suggests that NK cells are not contributing to the protective effect and so it
appears to be driven by other innate immune cells. Since tumour associated macrophages have
also been shown to aid in tumour protection in the absence of PD-1, it was then important to
determine whether ILCs were indeed contributing to this phenotype. When the innate immune
cells were assessed within the TME, no differences were noted within any of the other innate
immune cells, namely monocytes, macrophages and dendritic cells (Figure 4.5). There was a
difference noted in Lin"CD45" cells, whereby in the absence of NK cells and in the absence of
both NK cells and PD-1, there was an increase in ILCs suggesting that, in the absence of NK
cells, there is an increase in ILCs. Here, ILCs were gated on Lin"CD45" and not sub-divided
into subsets, which could explain why no increase was seen in aPD-1 treatment alone as in
subsequent studies only a single subset was shown to be upregulated by aPD-1 therapy.
However, in Rag” mice, aPD-1 therapy was unable to induce an increase in Nkp46"RORyt
ILC1s which was seen in other strains, this could be due to large variation between mice, or as
a result of inability of therapy to sufficient provide PD-1 blockade. However, it is unlikely to
be as a result of poor therapy blockade as immune competent mice responded well to therapy.
Although a difference wasn’t observed, ILC blocking experiment demonstrating that in the
absence of NK cells and ILCs, there is no protective effect from aPD1 therapy confirming that

ILCs are driving the protective effect from aPD1 therapy.
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Moral et al demonstrated that ILC2s were regulated by PD-1 following stimulation from IL-33
(Moral et al., 2020). Here, it has been shown that in the absence of any additional stimuli, and
in response to the TME alone, Tbet'Nkp46"RORyt” ILC1s were significantly increased and
increased cytokine production and proliferation. Data supports the idea that PD-1 expression
and therefore activation in ILCs is driven by ILC activation from stimuli within the TME
driving specific subsets. This maybe explain why, within our study, in the absence of exogenous

stimuli such as IL-33, there was no observed increase in ILC2s.

Of note, although there were no differences in ILC subsets noted within the spleen, there was a
significant increase in ST2" ILC2s within the TDLN, with no changes noted in the
NKp46"RORyt population. One possible explanation for this could be that the ILC2s are
migrating from the lymph nodes to the TME where they are converting into ILC1 subset.
Intracellular cytokine staining demonstrated an increase in ILCs expressing both type 2
cytokines and IFNy in the absence of PD-1 (Figure 4.9), suggesting that the TME could be
driving ILC plasticity. If this resulting in increase IFNy excretion into the TME, this would
drive ILCs towards a favourable type one phenotype however further analysis on ILC migration

would be required to determine this.

Group 1 ILCs include both NK cells and ILC1s. Both express Tbet but can be distinguished
from each other based on the expression of Eomes which is not expressed by ILCls. Of note,
cells can also be distinguished based on their expression of CD49a and CD49b. CD49a is
expressed by ILC1s which is associated with tissue resident cells, however NK cells circulating
marker CD49b; which is including in the lineage panel. Eomes'Tbet" cells have shown
cytotoxicity, and reduction in expression of Eomes and CD49b were associated with non-
cytotoxic ILCls which were unable to mount an anti-tumour response (Gao et al., 2017).
However, here although there is an increase in Tbet"Nkp46"RORyt Eomes CD49b™ ILCls, this
is associated with an increase in IFNy producing cells suggesting that this subset that has been

identified here is in fact a beneficial to anti-tumour defence.

A murine model of inducible colon cancer was established to further evaluate ILC contribution
to tumour development. As this model is inducible it provides a more accurate TME as the
tumour cells have developed within the tissue as opposed to being engrafted. Here, it was
demonstrated that in the absence of PD-1, mice succumbed to increased intestinal inflammation
however were protected against tumour burden. Although there was no significant difference

noted in ILC components there was trends to indicate changes in ILC3 components. There is a
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trend to suggest a decrease in NCR" cells within the MLN however an increase in NCR" cells
within the intestinal tissue. As NCR" cells are associated with inflammation it is possible that
they are driving this inflammation. Of notes, analysis of the TILs (carried out by Dr Amarnath)
noted an increase in Tbet"Nkp46" ILC1s specifically within the TME, which highlights the high
tissue specificity of PD-1 regulation of ILCs. This could also be the first indication in mouse
that ILC3s may be regulated by PD-1 in intestinal inflammation and interesting to note, that
although it is driving excessive inflammation, there is still protection against tumour

development.

In T cells it has been demonstrated that PD-1 alters the cells metabolic profile by preventing
glycolysis and promoting fatty acid oxidation (Patsoukis et al., 2015). ILC2s were shown to
respond to PD-1 signalling in a similar way whereby in an airway inflammation model, PD-1
prevented cellular glycolysis and this results in decreased cellular activation. It was plausible,
therefore, that this might be the case within the TME and here we were able to show that that
was the case, with an increase in glycolysis and decrease in fatty acid oxidation Pdcdl” ILCs.
This shift of metabolic profile in T Cells alters the T cells phenotype whereby fatty oxidation
and oxidative phosphorylation is associated with senescence and a regulatory phenotype,
showing that PD-1 signalling drives this phenotype and therefore reduces the effector
phenotype. As ILC subsets mirror T cell subsets it is reasonable to speculated that this shift in
metabolism by PD-1 activation and would similarly drive a regulatory phenotype within ILCs

and cause a reduction in ILC function.
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4.5. Conclusions:

In this chapter I have shown that:

e Absence of PD-1 protects against tumour growth in immune competent mice, Rag”-and
in the absence of NK cells

e The only innate immune subset which is affected by the absence of PD-1 are ILCs

e Absence of PD-1 significantly increases NKp46"RORyt" ILC1s both in response to
genetic ablation and in response to therapy; an observation unique to the TME.

e Specifically, these cells do not express Eomes.

e Absence of PD-1 regulates these ILCs through reducing cellular cytokine expression
and proliferation.

e Observations have been repeated in several models including MC38 colon cancer and
metastatic melanoma

e PD-1 drives fatty acid oxidation within Tbet"NKp46 " Eomes RORyt” ILC1s and reduces

glycolysis; thus altering cellular metabolic profile.
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Chapter 5: Human Tbhet'Nkp44'RORyt ILC1s are regulated by PD-1

5.1. Introduction

In human, ILCs have been shown to express PD-1 in several cancers (Salimi et al., 2018,
Tumino et al., 2019). In human decidua tissue, ILC3s not only express PD-1, but also adapt
during pregnancy and down regulate PD-1 expression as pregnancy advances. Furthermore,
ILC3s cultured with aPD-1 were also shown to have reduced capacity to produce cytokines
(Tumino et al., 2019). PD-1" ILC2s isolated from human PBMCs also showed reduced cytokine
production (Taylor et al., 2017). Although PD-1" ILCs from all subsets have been identified
within the TME, whether ILCs directly respond to anti-PD-1 cancer therapy in human tumour
tissue remains unknown. This project, thus far, has demonstrated in mouse, that
Tbet Nkp46 " RORyt ILCs were regulated by PD-1 signalling exclusively within the TME. PD-
1 specifically regulated the cytokine production and proliferation of these cells within the TME.

Here, it was sort to determine if the same regulation occurs within human ILCs.

5.2. Aims

The aims of this chapter were to determine whether the PD-1 regulation was shown within the

mouse models were able to be replicated within human cells. Specifically, the aims were:

e Determine whether all ILC subsets can be identified within human and identify whether
they are capable of expressing PD-1.

e Assess whether human tumour cell lines induce PD-1 expression within ILCs

e Determine whether PD-1 can regulate human ILC function through modulation of

cellular proliferation
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5.3. Results

5.3.1. ILC subsets are presents within healthy donor human PBMCs

To establish the role of PD-1 in regulating human ILCs, it was first important to establish a
robust method of identifying ILCs within human PBMCs. Healthy donor PBMCs were kindly
isolated by Jonathon Scott. Cells were then stained and analysed by flow cytometry in order to
identify ILC subsets. As with the mice, all ILCs were defined as lineage negative (CD3, CDS8,
CD14, CD20, CD56, CD5, CD11b, CDI11c, TCRa/B). Human ILCs are then further defined as
CD45°CD161"CD127*. ILC2s were defined as positive for prostaglandin D2 receptor;
CRTH2". ILC3s were defined as CRTH2"CD117'RORyt" and then subdivided into NKp44*
(NCR") and NKp44- (NCR"). ILCls in the literature have been previously defined as CRTH2-
CD117-. Here we also identified ILCls as Tbet™ and through expression of Nkp44. All ILC
subsets were capable of being identified within human PBMCs (Figure 5.1.A). During this
assessment PD-1 expression was also examined on the ILCs subsets within the healthy donors
in the absence of stimulation (Figure 5.1.B). The highest PD-1 expression was noted within the
ILC2s subset when compared with ILC1 and ILC3s, consistent with previously reported data
(Salimi et al., 2018).

124



S 2'-',) g g 108 v 104
2 17} 2 3] 2 104
1966 Li_,,,,, 5104 ¢ 104 e G Q
A :Akg A 10y -
104 b L
EIRY 1311 ] 104 » 10 B
» :0‘1 104
655 655 | ]
> 1o "1 104
L
44, 4. 57 53.26
ool L % RN -2 ) QP £ 1T S
0 655 1311 1966 2621 0 655 1311 1966 62.1 100 10t loz 10; 101 108 100 10‘ 102 100 104 10‘ 100 10 102 108 10¢ 108
FSC-A »FSC-A »Live/Dead ————» CDI161 v > CD127
= 107 o 10¢
2 ILC1 T
E lO’1
)
A 104 TLC2s
107
103
10‘3
1wl X
100 100 100 10°
» CD117
v
.10
g
" IOS!NCR‘ NCR]
104 _
1
10
10y
100 e
100 100 107 100 100 10°
FMO ILC1 ILC2 NCR'ILC3 NCR ILC3
1000 1000 1000 1000 1000
= 0 750 04s | 70 11.19 | 750 403 | ™ 0.17
= ] — — — —
500 500 500 500 500
o
U 250 250 250 250 250
0 0 0 | o
10° 10' 10° 10° 10¢ 10° 10¢ 107 10° 10' 107 10° 10* 10° 10° 107 10° 10' 102 10° 10¢ 10° 106 107 10° 10' 10° 10° 10* 10° 10° 107 10° 10' 10 10° 10* 10° 10° 10

»PD-1

Figure 5.1: ILC Characterisation in human PBMCs. PBMCs were donated by
healthy human donors. ILCs were stained by flow cytometry in order to analyse ILC
subsets within the PBMCs. Representative flow plots of ILCs in human PBMCs.
ILCs were defined as LinCD45°CD161°CD127*. ILC2s were described as
CRTH2". ILC3s were described as CRTH2:CD117" and then further distinguished
into NCR* and NCR" based on the expression of Nkp44. ILCls were defined as
CRTH2CD117 Tbet". Subsequently they were defined as ILC1s (Nkp44°) and ex-
ILC3s (Nkp44°) (A). Representative plots showing PD-1 expression in human ILC
subsets. Representative sample shown. N=1.
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5.3.2. Tumour secretome upregulates PD-1 expression in Thet' Nkp44"RORy ILCs

PD-1 expression in human ILC3s correlates with tissue expression of PDL-1 (Vacca et al.,
2019) demonstrating that, as with murine ILCs, PD-1 expression is driven by the tissue
environment. In mouse it was demonstrated that the tumour secretome from a murine melanoma
cell line was sufficient to induce PD-1 expression in ILCs and therefore it was sought to
determine whether this mirrored in human ILCs. Healthy donor PBMCs were isolated and
cultured overnight with transwells containing human tumour cell lines C8161 and MET].
C8161 is a human metastatic melanoma cell line which was used to ensure consistency with
the murine data. MET]1 is a cutaneous squamous cell carcinoma (cSCC) cell line. A recent
clinical study has shown that patients with metastatic (cSCC) treated with cemiplimab (an anti-
PD-1 therapy) showed 50% progression free survival (Migden et al., 2018). cSCC is an
aggressive skin cancer and has a significant increase in risk with patients undergoing
immunosuppressive treatment suggesting a strong immune contribution to protection against
disease progression. As it is unclear the mechanism as to how PD-1 functions in ¢cSCC, MET1
cell line was utilised here to establish whether ILCs may contribute to any of the
immunobiology. Previous experiments within the laboratory carried out by BSc Student Amy
Towler identified C8161 and METT cell lines to both express substantial levels of PDL-1 and
therefore were most likely to evoke a response in the PBMCs (Data not shown). PBMCs were
incubated at a 1:1 ratio with tumour cell lines overnight. Cells were then analysed by flow
cytometry in order to identify ILC populations and assessed PD-1 expression was assessed
(Figure 5.3.). ¢SCC cell line MET1 significantly increased the expression of PD-1 on
Tbet"Nkp44* cells from PBMCs (p=0.03) as did the melanoma cell line (p=0.01).

126



PBMC .
PBMC cs161 - MC+
MET1
Alone Melanoma sce

Alone 1:1 Melanoma 1:1sSCC
E 1000
8 750 70
Donor 1 e I o A
250 250°
0 o
10" 10‘ ll‘)z lﬂ’ m‘ ln! m" 10‘ mz m’ 10‘ 10! 10° 10t 100 10° 10* 10°
750 750
Donor 2 o 326% 803%
250 250
o 0
m" 10 mz lﬂ! 10‘ 10! m' m‘ m’ ID! H'l‘ m’ ID" 10" l()2 m’ 10‘ m’
‘‘‘‘‘‘‘ a0
% 383% 328%
D(’I‘l(’1 3 S00- L.10% 50 }—‘9 2
30 250
Wow oW oW ww o oW w o
PD-1
10 p=0.03
—~ 8- p=001 .
S
s
g 6
Z
3
o
-
a 2
=
0_
<
S o&q" O
?~§§}§

Figure 5.2. PD-1 is induced by the human tumour secretome in human
Thbet'Nkp44* ILC1s. PBMCs were isolated from healthy donors. Cells were
cultured with transwells containing either human melanoma cell line C8161
or human cSCC cell line MET1. Cells were cultured overnight before being
harvested and analysed by flow cytometry (A). ILCs were gated on Lin
CD45"Tbet'Nkp44* ILC1s and PD-1 expression was assessed (B). Summary

of PD-1 expression was shown (C). N=3. Data is shown as Mean £SEM.
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5.3.3. PD-I"Tbet'Nkp44"RORy ILC1 subset identified within the TME of ¢SCC patients

The cSCC cell line secretome induced significant levels of PD-1 expression within ILCs in
PBMCs. Although the immune component of the TME in ¢SCC patients has recently been
described (Migden et al., 2018), whether ILC subsets are present is still unknown. As ¢cSCC
cell lines can significantly upregulate PD-1 expression on Tbet"Nkp44" ILCls, if ILCs are
indeed present within the TME, this could provide an insight and a possible mechanism into
how these cancers may be responding to cancer therapy. Primary cSCC tumours were kindly
acquired and processed by Dr Chester Lai. Flow cytometry files were then transferred from
Southampton to Newcastle for analysis. Here, I carried out t-distributed stochastic neighbour
embedding (tSNE) analysis on TILs and PBMCs from patients. tSNE is a statistical tool which
creates a two-dimensional map of complex data sets based on the probability of the relationship
between each of the data points. Data points closely related to each other are most likely to
neighbour each other and form “clusters”. These clusters are then identified as specific cell
populations based on the expression of markers such as transcription factors or cell surface
proteins, as they would be in flow cytometry. It is key to note, that the distance between each
population cluster is not a representation of how closely related the clusters are. Prior to
identifying the clusters, tSNE plots were created to visualise the populations. Plots showing
individual donors are shown to ensure that the clustering of populations is based on cell type
and data points are not clustering based on differences between samples. Clusters are identified
manually with the aid of the density plots for clarification and colour coded for subsequent
analysis of marker expression (Figure 5.3 A). Expression of proteins of interest (i.e. Tbet,
NKp44, RORyt and PD-1) were then visualised based on the level on MFI, which was then
quantified for each cluster and plotted on a heatmap in order to identify populations (Figure
5.3. B). tSNE analysis identified a cell population PD-1*Tbet " Nkp44 " RORyt” which was only
found to be present within the TME and was absent from the PBMCs (Figure 5.3). Notably,
several other cell types identified, also appeared to express markers associated with multiple
subsets, suggesting that cells may be unstable and may be converting between subsets within
the TME. Subsequent analysis of healthy donor PBMCs also showed an inability to identify the
PD-1"Tbet"Nkp44 " RORyt” population suggesting, this population is exclusive to the TME in
cSCC patients.
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Figure 5.3. PD-1 is expression by Thet'Nkp44"RORyt ILC1s within the ¢SCC
Tumour. Blood and tumour tissue were obtained from cutaneous squamous cell
carcinoma (cSCC) patients and ILCs were characterised using flow cytometry. ILCs
were characterised as LinCD45°CD127°CD161". TsNE analysis of ILC populations
on samples from 5 cSCC donors and 4 matched blood donors are shown as population
plot, individual donors, population density and individual clusters(A). Expression
levels of Tbet (Bi), Nkp44 (Bii), RORyt (Biii) and PD-1 (Biv) shown in PBMCs (top
panel) and TILs (bottom panel) (B). Heatmap summary of marker expression in
PBMCs (Left panel) and TILs (Right panel). N=4-5.
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5.3.4. PD-1 drives proliferation in Thet' Nkp44*ROR cells

PD-1 regulates cellular function in T cells. In our murine model, it was demonstrated that PD-
1 regulates the cellular function of Tbet"Nkp46'RORyt ILCls through downregulation of
cellular proliferation and cytokine production. The question therefore remained whether the
same was possible in human Tbet"Nkp44 " RORyt” ILCls. To do this, human PBMCs were
isolated from healthy donors by Dr Jonathan Scott. PBMCs were then stained with cell trace
violet which is a “dilution” dye, whereby the dye intensity is reduced on every proliferation.
Cells were then cultured for 5 days with IL-2 (40ng/ml) and IL-7 (40ng/ml) in the presence of
either aPD-1 antibody (10mg/ml) or isotype control (10mg/ml). Cells were then harvested and
analysed by flow cytometry. Here, it was demonstrated that there was an increase in the
proliferative capacity of Tbet'Nkp44'RORyt" ILCls from healthy donors when PD-1
signalling was blocked by aPD-1 antibody (Figure 5.5) suggesting that PD-1 signalling can

indeed control proliferation in these cells as was shown previously in mouse.
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Figure 5.5. PD-1 blockade drives the proliferation of Thet"Nkp44'RORyt cells.
PBMCs were isolated from healthy donors. Cells were stained with Cell trace violet
and then cultured for 7 days in the presence of IL-2, IL-7 and in the presence or absence
of aPD-1 antibody or isotype control. ILCs were then harvested and isolated and
identified by flow cytometry. ILCs were defined as LineageCD45'RORyt
Nkp44*Tbet" ILCls (A). Cell trace violet was then examined via flow cytometry as
analysis of cellular proliferation (B). N=3.
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5.4. Discussion

ILC populations within PBMCs expressed PD-1 in healthy donors in the absence of exogenous
stimulation (Figure 5.1). As with mice, all ILC subsets were shown to be capable of expressing
PD-1 however expression levels varied between subsets, with the most expression being shown
in ILC2s, consistent with (Salimi et al., 2018). Consistent with the murine data, PD-1 expression
was able to be induced by the tumour secretome and did not require direct contact with the
tumour cells (Figure 5.2). However, as with the splenocytes in the mouse experiment, transwell
experiments were conducted in the presence of PBMCs so it is unknown at this time whether
PD-1 expression is driven by activation from other immune cells or from the tumour secretome

directly.

Within the ¢SCC patient samples, PD-1" Tbet"Nkp44* RORyt” ILC1s were identified almost
exclusively within the TME (Figure 5.3). This mirrors the data which has been shown within
mice, which demonstrate a stringent tissue specific regulation of these cells. This could be
particularly important as it could aid in reducing off target adverse effects of immunotherapy
treatment. Cell proliferation was further shown to be increased in the presence of tumour cells
in this human subset and cytokine production was also shown to be increased. Here there was
no significant differences overall due to large variation between patients, however in each case
there is consistently an increase in cellular proliferation in response to anti-PD-1 therapy in
every patient. This is in line with the murine data that has been acquired suggesting that PD-1
regulation is conserved between murine and human. This provides promising indications that

PD-1 therapy maybe be able to regulate specific ILC subsets within the TME.

5.5. Conclusion

In conclusion human data and analysis has demonstrated that:

e All human ILC subsets can express PD-1 in PBMCs in the absence of stimulation

e PD-1 expression on human Tbet"Nkp44"RORyt™ cells is induced by the tumour
secretome and direct contact with the tumour is not required.

e PD-1 expression on Tbet"Nkp44 " RORyt cells is significantly upregulated within the
TME in patients when compared with PBMCs.

e Absence of PD-1 drives the proliferation of Tbet"Nkp44 " RORyt ILCls.
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Chapter 6: Discussion

Therapies targeting PD-1 have had significant success within the clinic in treating numerous
cancers including melanoma, colorectal and ovarian cancer (Zhang et al., 2020, Krempski et
al., 2011). However, as PD-1 therapies are associated with severe adverse effects, and have a
limited success rate (~50%), a full understanding of the role of PD-1 in the regulation of
immune cells within the TME is needed in order to improve patient responses. This project
focused on a specific subset of innate immune cells, namely ILCs. PD-1 regulation of ILCs had
previously been shown in alternative murine models; obesity and helminth infection (Taylor et
al., 2017, Gordon et al., 2017). Although all ILC subset had been shown to express PD-1 within
patients with gastrointestinal and breast cancer (Tumino et al., 2019), the role of PD-1 in ILC
regulation in cancer remained undetermined. Additionally, the role of ILCs in tumour

progression was also yet to be elucidated.

This project aimed to address three major questions:
1) Are ILCs regulated by PD-1 within the TME?
2) Do ILCs respond to aPD-1 therapy within the TME?
3) Does blockade of PD-1 on ILC subset enhance pro-tumorigenic or anti-tumorigenic

properties?

This project determined that PD-1 negatively regulated group 1 ILC subset
(Tbet'NKp46"NK1.1'RORyt). In the absence of PD-1 signalling, these ILC1s were increased
exclusively within the TME, and demonstrated an increase in type 1 cytokine expression. The
equivalent population was also identified within human ¢SCC tumours and increased cellular
proliferation in response to PD-1 blockade. Due to their critical role in anti-tumour responses,
CD8" T cells have been widely studied for their response to CPI therapy. Here, the ILC1 subset
has been described for the first time to respond exclusively within the tumour tissue to anti-PD-

1 therapy and in doing so enhances anti-tumour responses.

In this project, the role of PD-1 regulation of ILC1s has been demonstrated in three different
tumour models using two different cell lines. This has been performed in order to determine
whether any differences seen are exclusive to specific tumour or tissue environments, however,
it has been demonstrated that these findings are conserved across tumour models. This is
particularly beneficial when contemplating future therapeutics as it suggests that targeting

ILCls is not restricted to a single cancer setting. In all models, ILCls were exclusively
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upregulated within the TME. These observations were coupled with an increase in the
expression of IFNy. IFNy drives anti-tumour responses through MHC I upregulation in tumours
and its absence is associated with increased tumour progression (Martini et al., 2010). This
suggests that ILC response to PD-1 therapy could be beneficial in promoting anti-tumour
responses. This project has not only identified a potential new therapeutic target within cancer
immunotherapy, but has also raised a multitude of new questions and considerations, which
unfortunately, were not possible to address within the time frame of this project. These
considerations include the role of the adaptive immune system, the origins and location of

ILCl1s and the role of PD-1 on ILC1 metabolism.

Adaptive immune System

One of the key benefits of ILCs as an anti-cancer target, highlighted throughout the project, is
their tissue residency and the implications that they may already be present in non-
immunogenic “cold” tumours. Cold tumours, with poor immune infiltration, could benefit most
from the increase in ILCls and their ability to drive an anti-tumorigenic microenvironment.
The hope would be that the increase in ILC1s could drive infiltration of cytotoxic cells such as
CD8* T cells into the TME to aid in tumour elimination. Similarly, through increasing
production of IFNy, if this is proven to be secreted by the ILCls, this creates a favourable TME
for anti-tumour responses which can influence macrophage polarisation, CD4" T cell

polarisation and increased elimination of tumour cell (Nathan et al., 1983, Song et al., 2019).

It has been shown here that ILCs respond to PD-1 therapy in Rag” mice, in the absence of T
cells. However, in an immune competent mouse, it is likely they respond synergistically and
interact with each other. ILC2s can drive naive T cells to a Th2 phenotype also demonstrating
that ILC2s can behave as APCs by presenting antigen through MHC II (Mirchandani et al.,
2014). In contrast, ILC3s are capable of rendering Th17 anergic through MHC II (Hepworth et
al., 2015). There is currently no evidence to suggest ILC1s express MHC 11, so whether they
would also be capable of inducing Th1 and CD8" is unclear but this would be important to fully
elucidate in the future. The evidence here shows ILCls associated with enhanced anti-tumour
responses so it would be assumed that if MHC II was confirmed, ILC1s would enhance effector

T cell responses.

There is also limited evidence to determine ILCls capability of killing tumour cells directly.

As they are shown to provide anti-tumour defence in the absence of adaptive immune cells,
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ILCs must be pivotal in anti-tumour responses; but how is still yet to be determined. The caveat
here may be that in Rag”~ mice there may be an alteration in the TME due to lack of adaptive
immune cells - whether this is a factor that can influence ILCs remains undetermined. NK cells
are known to produce substances such as granzyme and perforin which can directly kill tumour
cells. Rag” mice treated with aNK 1.1 demonstrated that ILC subsets are able to directly reduce
tumour growth in the absence of NK cells. Gao et al demonstrated that NK cells within the
tumour convert to a non-cytotoxic, immune suppressive ILC1 phenotype in the presence of
TGFB (Gao et al., 2017), however, here an ILC1 subset has been shown to enhance tumour

elimination.

This project has demonstrated that ILCs, in the absence of an adaptive immune system, are
capable of driving anti-tumour responses, however due to their low cell number, it is unlikely
that they drive anti-tumour mechanisms in isolation. It is well documented that cytotoxic cells
such as CD8" T cells play a critical role in tumour elimination and respond well to CPI therapy
both in murine models and within the clinic. The question that this project raises, is the
importance of ILCs in boosting this response. Future work would be required to decipher the
exact interaction between the cell subsets. This could be done in a multitude of ways. One such
method could adoptively transfer ILCs and CD8" cells into tumour bearing Rag”-yc”" mice
which lack both an adaptive and innate immune system. This would then highlight whether
combination of ILC1s and CD8" can provide more potent anti-tumour response than CD8* T

cells or ILCls alone.

Different Tumour Types

ILC1s were first shown to respond to blockade of PD-1 signalling in a subcutaneous murine
model of melanoma. In addition, the use of several other models, including a metastatic
melanoma model, a subcutaneous model of colon cancer and an inducible model of colon
cancer were used. The B16 melanoma model is an aggressive fast growing, metastatic tumour
line which is associated with poor immune cell infiltration which could really benefit from ILC
presence within the TME to help boost immune cell infiltration. On the contrary, with the MC38
cell line, tumours have immune infiltration but are slower growing and respond to therapy. Both
these contrasting models demonstrated an increase in ILC1s within the TME. Although ILC1s
respond specifically in the TME compared with other tissues including TDLN and spleen, these
experiments have demonstrated that this is consistent across tumour models. There are benefits

of using engrafted tumour models as they are rapid models which can be used to easily monitor
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tumour growth and immunology, however there are also limitations with these models. An
inducible colon cancer model was utilised within this project in order to provide a model with
a more translatable TME. The inducible model allows the tumours to develop in the relevant
tissue in the relevant microenvironment. This is a particularly important tool when considering
tissue resident subset of cells such as ILCs. It provides a more realistic TME. As the tumours
have developed in the relevant tissue, it provided with the opportunity to study the surrounding
tissue where it was shown that there was an increase in NCR* ILC3s and a decrease in non-

inflammatory NCR™ ILC3s.

Of note, observations of an increase in Nkp46 " RORyt™ ILC1s in wildtype mice were not shown
to be increased in Rag”” mice. This could be as a result of several factors including 1) efficacy
of aPD-1 therapy and the ability for the therapy to sufficiently reach the tumour 2) requirement
of adaptive immune systems to interact with ILCs to direct the anti-tumour response 3)
Nkp46 " RORyt™ does not provide sufficient identification of the ILC1 cellular subsets. Although
drug delivery may have played a factor in the inability of ILCs to respond, it is unlikely there
is insufficient blockade as immune competent mice showed significant response to therapy. The
adaptive immune system has also been demonstrated not to be required for murine survival in
melanoma. Therefore, it is likely that this lack of response to therapy in our model could be due
to an inability to detect Tbet” ILCs within these early experiments. To further elucidate this, it
would be required to generate Rag’ ThetZsGreen which would enable more specific

identification of ILCls in the absence of an adaptive immune system.

PD-1 Expression and Regulation

Pdcdl”- mice demonstrated an increase in murine survival in subcutaneous tumour models
using both melanoma and colon cancer cell lines. Experiments in Rag”" where NK cells were
blocked still demonstrated protection against tumour development with oPD-1 therapy,
however when ILCs were blocked this protection was lost. This demonstrates a pivotal role for
ILCs in protecting against tumour development. In the inducible model of colon cancer, mice
not only demonstrated a decrease in tumour burden, but also an increase in intestinal
inflammation. These experiments were carried out in immune competent mice, however, an
increase in NCR" ILC3s was indicated within the intestine surround the tumour tissue. This
data provides evidence that ILC3s are regulated by PD-1 within the intestinal tissue. ILC3s
were not observed to change within the tumour tissue, further confirming the tissue specific

regulation of ILCs by PD-1.
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In T cells, PD-1 is upregulated in response to T cell activation in order to maintain immune
tolerance. Here, it has been shown that PD-1 expression in both ILC1s and ILC2s was increased
within the TME compared with non-involved skin and ILC3s were significantly increased in
the absence to PD-1 within intestinal tissue. These data strongly suggests that, like with T cells,
PD-1 expression on ILCs is upregulated in response to cellular activation. This was mirrored in
human experiments, where PD-1" ILC1s were present within the tumour tissue but not within
patient PBMC:s. It is likely that proteins present within the TME driving this cellular activation,
as transwell experiments in both human and murine cells demonstrated that the tumour

secretome can sufficient stimulation to upregulate PD-1 expression on ILCls.

It should be noted that, within the transwell experiments, ILCs were not isolated and were either
cultured as splenocytes or as human PBMCs. This means that it is still not determined whether
the tumour secretome is activating ILCs directly or whether it is driving other immune subsets
(such as dendritic cells) to induce PD-1 expression. Transwell cultures with isolated ILCls
would determine whether this PD-1 expression was due to other immune cells or the direct
impact of tumour secretome. These sorting experiments, however, are particularly challenging
due to limited cell numbers. Traditionally, to isolate ILCs, exogenous cytokines are
administered in vivo in order to retrieve adequate cell numbers for analysis. As these
experiments would be designed to determine if PD-1 expression is driven by cell activation,
pre-activation of cells would mask any results seen from the tumour cells and would be
undesirable. The use of reporter mice in order to isolate naive ILCs, as reported by Constantides
et al would provide a possible solution , although whether these would truly represent ILC
phenotype when isolated from tissue microenvironment would be brought into question
(Constantinides et al., 2014). Nevertheless, the environment created by the tumour is sufficient
to induce PD-1 expression in ILC1 and ILC2 subsets. Of note, here it was also demonstrated
that ILC3s subsets did not respond with the increased PD-1 expression, suggesting that factors
within the TME are specifically providing stimulation for ILC1 and ILC2 subsets. This is
consistent with data from the inducible colon cancer model where ILC3s appear to be regulated
specifically within the intestine where they encounter ILC3s stimulating factor but not within

the TME.

Metabolism
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One avenue which was addressed within this project was the notion of metabolic conversion of
ILCs in response to aPD-1 therapy. Here it was shown that absence of PD-1 signalling drove
ILCls towards an effector glycolytic phenotype through the increased uptake of glucose
derivative 2-NBDG and decreased uptake of the fatty acid derivative, palmitate. PD-1
regulation of ILCs has only previous been described in the case of ILC2s. This is the first current
evidence that PD-1 can also drive metabolic changed in ILC1 subsets. Helou et al provided
evidence that in the absence of PD-1, stimulated ILC2s upregulated a number of glycolytic
genes and downregulated a series of genes associated with fatty acid oxidation (Helou et al.,
2020). It is conceivable that this would also be the case within this model, however several
limitations may arise. Due to the low cell numbers, sorting this ILC1 population from tumour
tissue poses a much higher challenge than the isolation of stimulated ILC2s from ILC2-rich
lung tissue. It is critical that the ILCl1s are sorted from tumour tissue, as shown they respond to
PD-1 signalling in a very tissue specific manner. It is also critical that this is carried out in the
absence of exogenous stimuli as this may drastically alter cellular phenotype; particularly as it
remains unclear which stimuli ILC1s are responding to within the tumour tissue. Whether it is
practical or ethical to generate enough tumour bearing to provide sufficient quantities of ILC1s
to be sorted in the absence of additional stimuli, remains unclear. If possible, this would provide
a wealth of opportunities to fully explore the regulation of ILC1s by PD-1. Recent technologies
have been developed which could address this problem. Hartmann et al describe the use of
single-cell metabolic regulome profiling (scMEP) whereby proteins associated with metabolic
pathway regulation can be quantified within single cells (Hartmann et al., 2021). This initial
research has been carried out on tumour tissue from patients with colorectal cancer and been
used to assess the metabolic profile within CD8" T cells. This could provide an exciting

opportunity in the future metabolic assessment of ILCls.

Location

A further point worth discussing, would be where the ILCs might be located within the tumour
tissue itself. If ILCs are purely located within the centre of the tumour it may make it difficult
for cytokines excreted from cytokines to reach CD8" T cells and recruit them. Equally, if they
remain located on the tumour periphery, they may not enhance CD8" infiltration into the tumour
core where anti-tumour responses are required. This may have been an impossible question to
address with traditional methods such as immunofluorescent staining, as these techniques are
typically limited to small numbers of markers which would not be sufficient to identify

individual ILC populations. One critical issue with ILCs is that they do not possess any ILC
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specific markers and are primarily identified by negative gating through their lack of markers
for other cell subsets such as CD3, CD19 etc. and hence require large flow panels for analysis.
New technologies, however, such as Hyperion, maybe be able to give a novel insight into the
locations of ILCs within tissues, specifically tumour tissue. Hyperion is an imaging mass
spectrometry system which recognises metal tagged antibodies on tissue sections and can image
in excess of 40 markers at a time. As this also images tissue sections, it would mean it might
be possible to determine ILC location within the tumour tissue, and localisation of ILCs with
other cell types including adaptive cells i.e., CD8" T cells or innate cells such as macrophages

and dendritic cells.

Human

This project has been predominantly carried out in murine models, however, the initial human
experiments have shown that this same ILC1 subset is present exclusively in human tissue and
not within the blood of ¢SCC patients. Similarly, within healthy donors, these ILC1s mirrored
responses to PD-1 blockade seen in the mouse, whereby there was an increase in cellular
proliferation. These experiments were preliminary, and more work is required to truly show
the clinically targetability of ILCs within cancer. Blood samples from the patients were taken
at the time of the tumour resection prior to any further treatment. Future analysis of patients
pre-treatment, during treatment, and post treatment with anti-PD-1 therapies would be
exceptional advantageous for a thorough understanding. /n vitro experiments have shown that
PD-1 blockade can increase cellular proliferation within this subset. The limitations of this data
is that these cells are grown in culture and therefore may not give a full representation of how
these cells would behave within patients. It has been reported that patients which high levels of
PD-17ILC2s have significant increased survival compared with low levels of PD-1 expression
(Moral et al 2021). There is no data, however, investigating the levels of ILCs, particularly how
ILC1s change in patients who receive aPD-1 therapy, both during and post treatment. Future
experiments examining patients samples before treatment, and during treatment would help to
confirm findings reported within the mouse models demonstrating blockade of PD-1 can
increase ILCls. The primary treatment for skin cancers such as melanoma and cSCC is
resection of the tumour, so this may be limited in whether subsequent tumour analysis
throughout treatment is available. Blood samples from different cancers, however, may be able
to show the desired population. Tumio et a/ showed all ILC subsets were present within the
blood in a number of cancers including gastrointestinal cancers and breast cancers (Tumino et

al., 2019). By comparing Tbet"Nkp46" ILC1s prior to treatment and during treatment will show
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how these cells behave in disease and whether they are targetable in the clinic. In murine
models, ILC1s were increased in all models, assessment in patients with both “hot” and “cold”
tumours would show whether these findings are conserved from mouse to human. Correlation
of patients with high or low levels ILC1s with responsiveness to treatment may would suggest
that increased levels of ILC1s would enhance patient responsiveness to treatment and improve

patient care however this is yet to be determined.

Overall, human data has replicated findings demonstrated in murine models. Although cytokine
expression was briefly addressed, levels of IFNy were undetermined due to low cell numbers
and high patient variation. Other methods of assessing ILC1 production of IFNy should be

explored to fully elucidate how PD-1 regulates ILC1s in humans.

Within ILC biology, ILC2s are by far the best studied subset due to their definitive markers
which makes them an easier target to identify. Limitations arise in ILC1 and 3 where the
defining markers are much less definitive and are often interchangeable. Furthermore, ILCs
account for less than 1% of lymphocytes making functional experiments particularly
challenging. Much of the literature has relied of exogenous stimuli, in order to boost ILC
subsets prior to analysis or observed clinical action. Here, however, it has been demonstrated
that ILCls are capable of driving anti-tumour responses in the absence of this exogenous
stimuli. This could make ILCls a more favourable target, as if it is possible for this cell
population to be boosted in the absence of exogenous stimuli, it reduces the requirement for
additional treatments, such as cytokines, within the clinic which would inevitably increase
patients side effects. It is known in the literature that ILCls are driven by IL-12 and IL-18,
similarly that ILC2s are driven by IL-33. This therefore constitutes the exogenous stimuli seen
in research papers. Here, however, by carrying out these experiments in the absence of
exogenous stimuli, it leaves a question remaining whether there could be a missed opportunity
of a cytokine or molecule present within the TME which is specifically driving these cells. It
has been shown here that this cell subset is exclusively upregulated within the TME, which

therefore indicates that the TME possesses a tissue specific stimulus for these cells.

The origins of this subset however are yet to be explored. The 3 main possibilities to consider
would be a) the migration of these cells from other tissues b) direct activation of ILC1 subsets
present within the skin or c) increased conversion of ILC3s to ILCls in the presence of IL-12.
ILCs are generally regarded as a tissue resident population of cells, however, emerging data has

demonstrated that they have the capacity to migrate in the case of helminth infection where
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ILC2s migrate from intestinal to the site of infection in the lung (Huang et al., 2018). There is
currently no data, however, to demonstrate ILC migration into the tumour tissue. As there is an
increase in ILC2s within the lymph nodes, it could be proposed that the cells are indeed
migrating from the lymph nodes and converting to ILC1s within the TME. Furthermore, in the
inducible tumour model, an increase in ILC3s was noted in the intestine and an increase in
ILC1s noted within the tumour tissue. This suggests a similar mechanism within the colon
cancer where ILC3s may be converting into ILC1s within the TME. One way to analyse this
could be the use of Kaede mice (Tomura and Kabashima, 2013). These mice have
photoconvertible cells which, when exposed to UV light, cells convert from green fluorescence
to red fluorescence. Dutton et al previously demonstrated migration of ILCs from tissues by
assessing frequency of red cells in non-exposed tissue (Dutton et al., 2017). This could be used
to determine whether cells are indeed migrating into the tumour or there is a boost in the cells

that are tissue residents.

Overall, the data here has demonstrated that PD-1 can regulates Tbet " Nkp46*-ILC1s within the
mouse; an observation which has been replicated within human whereby it was demonstrated
that PD-1 regulation is conserved. This data further shows that this PD-1 regulation down

regulates cellular proliferation and cytokine production.
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Chapter 7: Conclusions

In conclusion, here we have demonstrated that within the TME, PD-1 can specifically dampen
Tbet" ILC1s proliferation and cytokine expression in a tissue specific manner. Following PD-
1 blockade in murine cancer models Tbet"NKp46" RORyt ILCls showed higher frequency and
specifically protected against tumour development. Furthermore, in human ¢SCC patients, PD-
1" Tbet'TLC1s are upregulated within the TME when compared with PBMCs from patients and
healthy donors suggesting tissue specific ILC tumour responses. Whether these ILCs respond
to therapy within humans is still to be determined however murine data showed specific
increase in ILC subsets within the TME in response to PD-1 blockade in the absence of
exogenous stimuli. By boosting ILCs within the TME, this may be able to enhance patient

responses to therapy in the clinic.
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Chapter 8: Future Work

This project has identified as an ILC subset which is specifically modulated by PD-1 within the
TME, with a huge potential for these cells to be targeted to enhance therapeutic responses in
the future. There are, however, many questions which have arisen as a result of the data
presented. A thorough understanding of how these cells behave within the TME and their

response to checkpoint inhibitors is essential for harnessing their therapeutic potential.

8.1. Determine tissue residency of Thet'Nkp46" RORyt ILC1s within the TME

It is widely accepted that ILCs are a tissue resident innate immune subset. It is this attribute
which could favour ILCs as a therapeutic target for tumours with poor immune cell infiltration.
However, their true tissue residency remains undetermined as published data has identified
CCR?7 dependent migration of ILC2s critical for defence against helminth infection. ILC2s were
shown to migrate from the lamina propria to the site of infection. (Huang et al., 2018).
Sphingosine 1-phosphate (S1P) was required from ILC egress from the lymph nodes. All three
ILC subsets were shown to express S1P;, and when treated with an S1P inhibitor, ILCs pooled
in the lymph nodes; unable to egress (Dutton et al 2019). Within my model, an increase in
Tbet"Nkp46 RORyt ILCls was specifically seen within the TME which was coupled with an
increase in Ki67 expression which suggests an increase in proliferation in the resident ILCs,
however whether cells were initially in the TME or migrated from the TDLN is yet to be
determined. In human, ILCs are present within PBMCs suggesting circulatory ILCs (Salimi et
al., 2018). The true tissue residency could be determined by inhibiting migratory factors such

as S1P within the tumour model and assessing any ILC pooling within the TDLN.

8.2.ILC Plasticity

In my data, I have shown increase in Tbet Nkp46"RORyt ILCls specifically within the TME.
However, increases in ILC2s were shown in TDLN and a trend showing an increase in ILC3s
within the intestinal tissue was observed in the colon cancer model in the absence of PD-1.
Whether ILC2s migrate from TDLN and convert into Tbet"Nkp46 " RORyt” ILC1s within the
TME in response to stimuli produced by the tumour. ILCs have a noted plasticity between other
subsets. Similar to the increase in TDLN, an observation of possible increase ILC3s within the

intestine and there is clear evidence that ILC3s have the ability to convert into ILC1s with the
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correct stimulation. A combination of understanding ILC migration and plasticity and whether
this may be influenced by PD-1 therapy could be particularly vital in fully elucidating the role
and importance of PD-1 in these cell subsets. This would determine the source of the ILCs
responding to PD-1 therapy and to decipher whether ILC2 or ILC3s are migrating and
converting or Tbet™ ILCs are specifically responding to PD-1 within TME.

8.3.Immune Cell Recruitment

In the TME, in response to activation, ILC2s produce CCL5 which stimulates CD103*dendritic
cells to drive CD8" T cell recruitment and anti-tumour responses (Moral et al., 2020). As a
novel subset, Tbet"Nkp46"Eomes RORyt™ cells, are regulated by PD-1 within the TME, it would
be important to note how they are driving an anti-tumour response. Although they have been
shown to increase IFNy production in the absence of PD-1 and ILCs alone are capable of
providing protection against tumour development, it would be important to determine to what
extent these specific ILCs drive T cells recruitment and anti-tumour response in order to
examine how effective additional ILC boosting cytokine may be. It would also be worth
assessing levels of chemokines, such as CCL5, which may be produced by ILCs in order to

induce other immune responses.

8.4.PD-1 Signalling in ILCs

It also remains to be identified the exact mechanism by which PD-1 is driving ILC response. In
ILC2s, PD-1 inhibits phosphorylation of STATS5 which inhibits cellular proliferation and
cytokine production (Taylor et al., 2017). As Tbet'Nkp46"RORy ILCls have a ILC1-like
phenotype, it is possible the are driven by type 1 cytokines such as IL-12. Similar to IL-33
activation in ILC2s, IL-12 drives the phosphorylation of STAT4 and the production of IFNy in
ILCI and ILC3s (Dulson et al., 2019). It is yet to be determined, however, whether the cells
identified within this project respond in the same way. As STAT4 drives IFNy production in
ILC1s whether PD-1 inhibits STAT4 phosphorylation within our ILC1 subset is yet to be
determined. Alternatively, as data has indicated that the absence of PD-1 drives a glycolytic
phenotype in Tbet'Nkp46"RORyt ILCls. It could therefore be understandable that PD-1 may
be regulating glycolytic pathways. Assessment of the mtor signalling pathway may also show
a specific metabolic regulation of ILCs by PD-1. A more in depth analysis of ILC metabolic

profile can be achieved through seahorse analysis.
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Finally, to fully confirm and elucidate the effect of anti-PD-1 therapy in patients, ILC
composition should be assessed in the TME of patients receiving aPD-1 therapy in the clinic.
Although c¢SCC patients have sufficient PD-1" ILCs present within the TME and it is likely that
they respond, there is currently not data to demonstrate that, in the clinic, ILCs within the TME
respond to aPD-1 therapy. This information would be a critical indicator as it would be a good
indication as to whether ILC boosting cytokines would be beneficial as a supplement to patients

undergoing anti-PD-1 therapy.
This project has demonstrated that ILCs exhibit tightly regulated tissue specific PD-1

expression. By fully understanding how this occurs and the subsequent consequences of this

would hopefully enhance patient responses to therapy within the clinic.
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