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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a lethal malignancy with a 1-year
survival rate of 5.6% and a 10-year survival rate of <1%. In Scotland, 3in 5
people with pancreatic cancer are diagnosed at late-stage metastatic disease,
and surgical resection remains the only effective cure for patients with non-
metastatic disease. Given late-stage diagnosis and low rates of surgical
resection, understanding the mechanisms of metastatic disease is of the utmost
importance. In breast cancer, IL-17A* gamma delta (yd) T cells are potently pro-
metastatic and drive myeloid cell expansion which impairs anti-metastatic CD8*
T cells. In PDAC, IL-17A has been implicated in early-stage PDAC progression,
and yo T cells have been shown to be abundant in human PDAC. Therefore, |
sought to understand the role of yo T cells in PDAC metastasis, and if they can

promote metastasis in a similar manner as seen in breast cancer.

Using spontaneous Kras®'?°;Trp53R"72H;Pdx1-Cre (KPC) mice, | have phenotyped
YO T cells in mouse PDAC and assessed their role in PDAC tumourigenesis and
metastasis. In short, IL-17A* yd T cells are significantly infiltrated into PDAC
tumours, and Vy6* y0 T cells (considered IL-17A-producers) are expanded in KPC
spleen. Crucially, the absence of y& T cells in KPC mice leads to a two-fold
reduction in the incidence of spontaneous liver metastasis. Contrasting with
breast cancer, y0 T cells do not mediate crosstalk with neutrophils by systemic
cytokine production, but instead communicate locally with tumour-associated
macrophages within the PDAC TME. Furthermore, yd T cells promote the
expansion of the embryonic-derived (tissue-resident) macrophage compartment,

which have greater pro-tumour function than monocyte-derived macrophages.

These results reveal that tumour-infiltrated yo T cells in PDAC display a pro-
tumour phenotype, and that yo T cells are indispensable for metastatic
dissemination. They also reveal a novel phenotype where yd T cells mediate
crosstalk with macrophages specifically within the primary PDAC tumour. Further
work is required to understand the mechanism of this crosstalk, but these
findings may have important implications for the identification of future targets

of anti-metastatic therapies.
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Chapter 1 Introduction.
1.1 Development of PDAC.

1.1.1 Overview of PDAC.

Pancreatic cancer is an umbrella term that describes endocrine and exocrine
malignancies. Endocrine malignancies, defined as pancreatic neuroendocrine
tumours (PNETs), develop following transformation and aberrant growth of
hormone-producing islet cells, and account for less than 5% of overall pancreatic
cancer cases. The commonest pathology is pancreatic ductal adenocarcinoma
(PDAC), an exocrine malignancy that accounts for nearly 90% of all pancreatic
cancer cases. (Rawla et al., 2019) Currently in Scotland, patients diagnosed with
PDAC have a survival rate of just 5.6%, and a 10-year survival rate <1%. PDAC
commonly develops asymptomatically, with clinical symptoms presenting often
only when a patient has progressed to metastatic disease — in Scotland, 3 in 5
people are diagnosed with late-stage disease. These dismal survival rates have
barely changed since the 1970s and are even more concerning when one
considers PDAC incidence rates — increased by 17% between 1993-2017 in the
UK, and projected to increase by 6% between 2014-2035. (Smittenaar et al.,
2016) This trend is not UK-restricted, as data from the US predicts that PDAC
will become the second leading cause of cancer related mortality within the
next decade. (Rahib et al., 2014) The deadly combination of low and static
survival rates, the projected increases in incidence and mortality, and the
prevalence of metastatic disease reinforces that PDAC is a cancer of severe
unmet clinical need. Considering that surgical resection remains the only
effective cure for PDAC, a greater understanding of PDAC biology is fundamental
to improve early disease detection and develop anti-tumour therapies, with the

aim of improving patient survival.

1.1.2 Disease Classification.

Precision medicine aims to improve patient survival by subtyping tumours based
on distinct molecular signatures, which enables patient therapy stratification.
Different cancer types are driven through a heterogenous mix of driver
mutations, numerous subverted cellular programs, and the acquisition of

additional mutations with disease progression, all of which contribute to disease
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classification. Numerous in-depth studies have confirmed that the initiating
mutation of oncogenic KRAS (>90%) along with TP53 (64%), SMAD4 (21%) and
CDKN2A (17%) are the four major genetic changes observed in human PDAC, and
drive progression from precursor lesions to invasive carcinoma. (Orth et al.,
2019, Biankin et al., 2012, Waters and Der, 2018) Despite the consensus
surrounding PDAC driver mutations, a commonality in the classification of PDAC
subtypes is lacking. The principle of PDAC molecular subtyping is to establish
distinct classifications through the identification of molecular signatures and
biological processes unique to each subset. Given that PDAC is driven by
numerous oncogenes, somatic mutations and epigenetic changes, the mutational
signatures of individual PDAC tumours are diverse. In lieu of such diversity,
several studies have classified PDAC subtypes through various approaches,
including global gene expression analysis, non-negative matrix factorisation
(NMF) and whole genome/deep exome sequencing.(Collisson et al., 2011, Moffitt
et al., 2015, Bailey et al., 2016)

Firstly, Collinsson et al. utilised global gene expression analysis to define three
subtypes: Classical, Quasimesenchymal and Exocrine-like.(Collisson et al., 2011)
“Classical” subtypes had high expression of adhesion and epithelial-associated
genes, higher GATA6 and KRAS expression and longer post-resection
survival.(Collisson et al., 2011) Comparatively, “Quasimesenchymal” subtypes
had higher expression of mesenchyme-associated genes, poorer post-resection
survival and reduced GATA6 and KRAS expression.(Collisson et al., 2011)
“Classical” and “Quasimesenchymal” cell lines also had greater sensitivity to
erlotinib and gemcitabine treatment, respectively. The “Exocrine-like” subtype
was less well-defined, simply identified as having elevated expression of tumour-
associated digestive enzyme genes.(Collisson et al., 2011) One caveat of this
classification is the failure to separate tumour-derived signatures from stromal
signatures in Exocrine-like subtypes. (Moffitt et al., 2015) Given that PDAC is
dominated by a dense desmoplastic stroma, more recent subtyping focussed on
distinguishing between the expression profiles of normal, PDAC and stromal
tissues. (Moffitt et al., 2015) Using virtual micro-dissection with NMF, four
distinct tumour- (Basal and Classical) and stroma-specific (Normal and
Activated) subtypes were defined; tumour subsets are distinct from stromal

subsets as the overexpression of stromal specific signatures was restricted to
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CAFs and not tumour cells. (Moffitt et al., 2015) “Normal stroma” was associated
with post-resection survival of 24 months, and increased expression of
pancreatic stellate cell (PSC) markers; and “Activated stroma” had upregulated
macrophage genes (ITCAM and CCL13/18), increased expression of MMP9 and FAP
(fibroblast activation protein) and lower survival (15 months) compared to
“Normal stroma”. (Moffitt et al., 2015) “Classical tumour” subtypes exhibited
increased survival (19 months) when compared to “Basal tumour” subtypes (11
months), and the majority of metastatic samples were classified as “Basal
tumour” subtypes. (Moffitt et al., 2015) However, more recently the application
of whole-genome and deep-exome sequencing has further characterised PDAC
into four distinct groups - Squamous, Pancreatic Progenitor, Aberrantly
Differentiated Endocrine Exocrine (ADEX) and Immunogenic. (Bailey et al., 2016)
“Squamous” tumours have poor prognosis and are characterised by increased p53
mutations, which confers more aggressive metastatic disease; expression of
TP63AN which regulates epithelial cell plasticity and EMT; and increased
protumour TGF-p and Wnt signalling. (Bailey et al., 2016, Morton et al., 2010)
The “Pancreatic Progenitor” subtype is defined by transcription factors that
determine pancreatic lineage. This includes PDX1, as all ductal, endocrine and
exocrine cells derive from PDX1* progenitors, and hepatocyte nuclear factor
(HNF) transcription factors that define terminally differentiated pancreatic f3
cells.(Bailey et al., 2016) “ADEX” subtypes are a subclass of “Pancreatic
Progenitors” as the expression profile identifies terminally differentiated
pancreatic cells.(Bailey et al., 2016) “ADEX” tumours also exhibit both endocrine
and exocrine lineages, whereas non-transformed pancreas expresses endocrine
or exocrine.(Bailey et al., 2016) Finally, “Immunogenic” tumours are
characterised by immune infiltrates — particularly pathways associated with B
cell signalling, antigen presentation, CD4*/CD8* T cells and TLR signalling. (Bailey
et al., 2016)

To summarise, classification of PDAC subtypes based on global RNA expression
profiles reveals distinct subtypes, but the inclusion of stromal expression
signatures provides greater clarity on the molecular composition of PDAC
subtypes. The above classifications all identify subsets with poorer prognosis and
show that inter-patient molecular heterogeneity is associated with differential

therapy responses. Therefore, using subtype classification as part of a precision
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medicine approach can help stratify patients to more tailored therapeutic
regimens, but may also identify suitable candidates for clinical trial enrolment.
However, there is a lack of consensus surrounding PDAC subtyping, owing to the
degree of overlap between classifications — particularly between Bailey and
Collisson subtypes. (Bailey et al., 2016) Thus, whilst the application of molecular
subtyping has the potential for clear patient benefit, the clinical application is

lacking due to the absence of consensus.

1.1.3 Kras mutations.

The three RAS genes (HRAS, NRAS and KRAS) share homologous sequences
and function, and are one of the most frequently mutated genes in cancer —
occurring in roughly 27% of cancers.(Waters and Der, 2018) Of these, Kras is the
predominant form and is particularly dominant in PDAC with roughly 92% of PDAC
cases exhibiting Kras mutations. (Witkiewicz et al., 2015) In PDAC, the most
frequent mutations occur at residue G12 (89%), which is a substitution point
mutation from glycine (G), then to aspartate (D, 41%), valine (V, 34%) and
arginine (R, 16%).(Witkiewicz et al., 2015) Homeostatic Ras protein is normally
inactive and bound to GDP, but the activation of receptor tyrosine kinase leads
to short-lived interactions between Ras-GTP which then subsequently drives a
variety of intracellular signalling cascades.(Waters and Der, 2018) The point
mutations described above results in permanent interactions between Kras-GTP,
which causes constitutive overexpression of cellular pathways that drive
proliferation. Given its near-universal expression within PDAC, including within
early precursor lesions, Kras mutations are considered to be the initiating event
of PDAC tumourigenesis. (Morris et al., 2010) However, despite the strong
association of Kras with developed PDAC, evidence suggests ductal epithelial
cells are refractory to oncogenic Kras alone, and that additional mutations
including inflammatory stimuli are required to drive neoplastic lesion formation
and subsequent PDAC development.(Ferreira et al., 2017, Brembeck et al., 2003,
Kopp et al., 2012)

1.1.4 P53 mutations.

Mutations to tumour suppressor p53 are fundamental in enabling cancer cell

proliferation, survival and metastatic spread; and with mutations occurring in
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>50% of all human cancers, it is considered to be the most commonly mutated
gene.(Perri et al., 2016) To summarise its broad function, p53 prevents the
proliferation of damaged, stressed and transformed cells by directing repair
mechanisms or apoptotic cell clearance.(Olovnikov et al., 2009) In PDAC, p53
mutations are found in roughly 50-75% of cases, where missense gain-of-function
mutations dominate and drive PDAC progression through the subversion of
senescence.(Morton et al., 2010) Using in vivo modelling, it was found that KC
mice (Pdx1-Cre-GFP; LSL-Kras®'?’’*) readily develop premalignant PanIN lesions
by 2 months, but do not progress to advanced PDAC. However, KPC mice (Pdx1-
Cre-GFP; LSL-Kras®'?2; L SL-Trp53R172H/+) expressing a mutant copy of p53 rapidly
progressed to PDAC — showing that mutant p53R'72" drives tumourigenesis.
(Morton et al., 2010) Whilst both KC and KPC mice express comparable levels of
senescence-associated p-galactosidase and p21 in PanIN precursors, PDAC
tumours from KPC mice had no observable 3-galactosidase, low expression of
p21 but high levels of p53 expression. This indicates that accumulated p53R'72"
mutations fail to activate p21, which subverts senescence mechanisms that
would normally restrain PDAC progression.(Morton et al., 2010) Finally, it was
found that KPC mice had increased metastatic incidence when compared to p53
null LSL-Trp53xP/+ (KPT'C) mice — 65% and 0%, respectively.(Morton et al., 2010)
Therefore, gain-of-function mutant p53 facilitates PDAC progression through

subversion of senescence, and increases the metastatic potential of PDAC.

Further studies have tried to elucidate the mechanisms of mutant p53-driven
metastasis, with one notable example utilising RNA sequencing to
transcriptionally profile KPC cells lines and identify downstream mediators of
mutant P53.(Weissmueller et al., 2014) Following small hairpin RNA (shRNA)
depletion of mutant p53 from KPC cells lines, differential gene expression
analysis (DEGA) highlighted platelet-derived growth factor receptor b (PDGFRb),
which regulates proliferation, survival and migration. WT p53 normally interacts
with p63/73, which would repress PDGFRb. p73 overexpression in KP'C cell lines
impairs PDGFRb activity through the formation of a complex with NF-Y, and
mutant p53R'72H interrupts the p73/NF-Y complex and abrogates repression of
PDGFRb. (Weissmueller et al., 2014) Modulation of PDGFRb expression in KPC cell
lines through shRNA significantly reduces metastatic colonisation, indicating that

mutant p53 can modulate metastasis by impairing p73/NF-Y localisation, which
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increases PDGFRb expression and PDAC cell invasiveness. (Weissmueller et al.,
2014) Thus, the acquisition of mutant p53, in addition to oncogenic Kras, is a
fundamental driver of PDAC tumour progression and also underpins metastatic

disease.

1.1.5 Precursor Lesions.

There has previously been conjecture within the literature as to the exact
cellular origins of PDAC, but the name pancreatic ductal adenocarcinoma
suggests it arises from ductal epithelial cells. This was postulated due to tumour
architecture exhibiting morphological similarities to ducts, and the observation
that pancreatic ductal hyperplasia, now referred to as neoplastic lesions, was
found with increased incidence in patients with pancreatic cancer.(Hruban et
al., 2000) These lesions can be separated into 3 categories: pancreatic
intraepithelial neoplasia (PanIN), intraductal papillary mucinous neoplasm
(IPMN) and mucinous cystic neoplasm (MCN), however, the focus here is on
PanINs. (Hruban, 2008)

PanIN lesions are the most well-known PDAC precursor lesion, and the
development of PDAC through PanlINs is a stepwise process characterised by the
accumulation of genetic mutations through each developmental stage (Figure
1-1). PanINs develop asymptomatically within the ductal epithelium and can be
classed as low-grade (PanIN-1A/1B), intermediate grade (PanIN-2) and high-
grade (PanIN-3).(Hruban, 2008, Distler et al., 2014) Despite the abnormal
morphological changes, PanIN lesions do not breach the basement membrane
and are considered non-invasive precursors.(Hruban, 2008, Distler et al., 2014)
PanIN1A lesions maintain a columnar morphology, but exhibit cellular
elongation, cytoplasmic expansion, and a papillary growth pattern (finger-like
projections). PanIN-1B lesions can be identified by the presence of invaginations.
Genetic mutations associated with PanIN-1 lesions include the activation of
oncogenic Kras, followed by inactivation of p16/CDKN2A — these initiate lesion
formation and facilitates progression to PanIN-2, respectively.(Hruban, 2008,
Distler et al., 2014) PanIN-2 lesions are characterised by invaginations and
nuclear changes such as a loss of basal polarity and nuclear crowding due to p16
inactivation. Finally, PanIN-3 lesions are characterised by severe nuclear atypia,

identifiable mitosis, luminal budding and the loss of p53 and Smad4 tumour
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suppressor genes.(Hruban, 2008, Distler et al., 2014) PanIN-3 lesions are the
penultimate step prior to invasive carcinoma (PDAC), and have previously been

described as carcinoma in situ.

Figure removed as it contains 3" party copyright material, and permission for

inclusion has not been granted.

Figure 1-1 PDAC develops sequentially through precursor PaniN lesions.

Invasive PDAC develops through precursor PanIN lesions following transformation of pancreatic
acinar cells through ADM. PanIN lesions are characterised by distinct morphological changes that
are driven by the accumulation of genetic mutations in a stepwise manner — initially oncogenic
Kras, followed by CDKN2A, p53 and SMAD4. Taken from Orth et al., 2019.

1.1.6 Cellular Origin of PDAC

Pancreatic tissue consists of 3 main components — acinar, ductal and islet cells.
Acinar and ductal cells combine to form the exocrine compartment (85%) and
islet cells form the endocrine compartment (15%) and produce insulin and
glucagon. (Pandol, 2010) As the histological features of PDAC closely resemble
ductal architecture, a ductal origin was initially proposed. Early genetically
engineered mouse models (GEMMs) of pancreatic cancer, such as the Pdx1-Cre;
LSL-Kras®'?? (KC) mouse, were developed following the identification of
transcription factors that direct pancreatic progenitor cell fate — expression of
both Pdx1 (E8/8.5) and p48/Ptf1 (E9/9.5) induces development of mature
pancreatic cells.(Jargensen et al., 2007) The pancreas-specific expression of
Kras®'2® through Pdx1-Cre recombination led to precursor lesions that
recapitulated PanINs seen in human disease, however, only 2/29 mice
subsequently developed invasive and metastatic PDAC. (Hingorani et al., 2003)
Despite the early (E8-9.5) expression of Pdx1-Cre in all pancreatic progenitor
cells, the KC mouse alone is not sufficient to determine the cellular origin of

PDAC, and subsequent models have been developed to address this shortcoming.
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1.1.7 Ductal Origin of PDAC

Whilst oncogenic Kras mutation is fundamental for PDAC initiation, there is
evidence that ductal cells are refractory to Kras®'?° alone, and that additional
mutations are required for ductal cell progression to PDAC. Conditional
expression of Kras through the cytokeratin-19 (Ck-19) promoter resulted in
Kras®'?P expression specifically within ductal epithelial cells.(Brembeck et al.,
2003) However, following duct-specific Kras®'?? recombination there was
increased NK cell-mediated lysis of transformed cells and upregulation of N-
cadherin in response to stress-associated morphogenesis — N-cadherin maintains
cellular interactions and prevents ductal transformation to PanIN

lesions. (Brembeck et al., 2003) Additionally, although KC mice exhibited PanINs
similar to human disease, invasive carcinoma rarely develops and often there is
no detectable carcinoma at 30 weeks, indicating ductal cells are refractory to
Kras®'?? mutations alone.(Hingorani et al., 2003, Aguirre et al., 2003) However,
PanIN progression is characterised by the sequential acquisition of somatic
mutations following Kras®'?® mutation. The combination of Kras®'2® with p16
mutations (Pdx7-Cre; Kras®'??; Ink4a/Arff°/!X) resulted in highly invasive
tumours between 7-11 weeks; and combining Kras®'?® with Smad4 mutation
(Pdx1-Cre; Kras®'?"; Smad4!©'°x) significantly increased the grade and size of
PanIN lesions, increased tumour development and significantly reduced
survival.(Aguirre et al., 2003, Bardeesy et al., 2006) In KPC mice (Pdx1-Cre; LSL-
Kras®'?P; SL-Trp53R172H) the addition of mutant p53f’72H enables cells with
oncogenic Kras®'?’ to overcome senescence mechanisms, and confers increased
metastatic potential. (Morton et al., 2010) This cumulative evidence shows whilst
ductal cells are indeed refractory to oncogenic Kras®'?P alone, the accumulation
of p16, Smad4 and p53%'72f mutations enhances the formation of PanIN lesions,

and promotes the development of invasive carcinoma from ductal cells.

1.1.8 Acinar Origin of PDAC

Despite the evidence that ductal cells can develop into PanIN lesions following
Kras®'?? initiation and additional mutations, there is strong evidence that acinar
cells are more responsive to Kras®'?® mutation. To address this, GEMMs with
Kras®'?? combined with deletion of tumour suppressor Fbw7 (Fbw7+/*) were

conditionally expressed in either ductal or acinar cells using the cytokeratin-19



24

(CK-19-CrefR) or elastase promoters (Ela1-CrefR™?), respectively. (Ferreira et al.,
2017) In Ela1-CreERT2; KrasG12D; Fbw7*'* (KFE) mice, it was found that they
had a significantly higher number of PanIN lesions when compared to Ck19-CretR;
Kras®'?P; Fbw7+/* (KFCk) mice. Furthermore, whilst KFCk mice were able to
develop PDAC, they had no detectable PanIN lesions. PDAC was instead preceded
by ductal cell expansion, loss of cellular polarity and cellular tufting. In
comparison, KFE mice exhibited overt PanIN lesion development — suggesting
that whilst acinar and ductal compartments are both capable of developing into
PDAC, only acinar-specific Kras®'?® mutation leads to PanIN precursor

lesions. (Ferreira et al., 2017) A summary of acinar- and duct-derived PDAC

development is shown in Figure 1-2.

Additional evidence from Kopp et al. supports an acinar PDAC origin.(Kopp et
al., 2012) Using Sox9-CrefR; Kras®'??; R26R"™ mice, Kras®'?? was recombined in
ductal cells and tagged with a YFP promoter for lineage-tracing — Pft1a-CretR;
Kras®'?P;R26R"" mice were also used for acinar compartment tracing.(Kopp et
al., 2012) It was found that Sox9-CrefR mice had largely normal histology and
rarely developed into PanINs. Conversely, Ptf1a-CrefR mice displayed
considerable PanIN lesion development, 112-fold higher frequency than that of
Sox9-CrefR mice. (Kopp et al., 2012) The acinar origin was further investigated in
two models of acinar-restricted tamoxifen-inducible GEMMs using the Elastase
(Kras®'?P; Ela-CreERT2¢'*) and Mist1 (Kras®'??; Mist1¢"¢ERT2/+) promoters, and 60%
of mice exhibited overt PanIN lesion formation 2 months post-induction followed
by PDAC development.(Habbe et al., 2008) This shows that PDAC can arise from
the acinar compartment, and that acinar cells have a greater propensity to
develop into PanIN lesions than ductal cells. Additionally, this demonstrates that
acinar cells exhibit a certain plasticity, and that Kras®'?® mutation can induce
acinar cells to acquire a ductal morphology — achieved through a process known
as acinar-ductal metaplasia (ADM).



25

Figure removed as it contains 3" party copyright material, and permission for

inclusion has not been granted.

Figure 1-2 PanIN lesions arise from transformed acinar cells.

Acinar cells receive oncogenic signals through Kras®'?® mutations, undergo ADM and progress to
PDAC through precursor PanlIN lesions. Ductal-derived PDAC forms following oncogenic Kras®'?P
mutations which causes ductal cell proliferation, loss of cellular polarity and the eventual formation
of ductal structures in a PanIN-independent manner. Taken from Ferreira et al., 2017.

1.1.9 Acinar-Ductal Metaplasia.

ADM is defined a physiological response of the pancreas to injury, whereby
acinar cells revert to a progenitor state, adopt a ductal phenotype and undergo
proliferation to aid in organ repair.(Storz, 2017) ADM is a crucial homeostatic
process that serves to regenerate cell populations, and is characterised by the
repression of acinar genes and the expression of ductal genes within the acinar
compartment.(Shi et al., 2013) During homeostasis, ADM is reversible and self-
limiting; however, oncogenic Kras signalling through PI3K isoforms maintains
acinar plasticity, prevents the re-differentiation of transformed acinar cells and

leads to persistent and unresolving ADM. (Baer et al., 2014)

1.1.10 Repression of acinar identity.

Several transcription factors help to maintain acinar identity, but no individual
transcription factor is a master regulator of lineage commitment. However,
pancreas transcription factor 1 complex (Ptf1a) is considered crucial in
maintaining acinar identity.(Campos et al., 2013) Normally, Ptf1a forms a
complex with RBPJL, which interacts with GATA6 to maintain acinar identity, and
loss of Ptf1a/GATA6 leads to persistent ADM characterised by extensive
inflammatory macrophage infiltrate. (Martinelli et al., 2016) In PDAC, the
induction of ADM in Ptf1a knockout (Ptf1a—/—) GEMMs sensitises cells to
oncogenic Kras and leads to carcinoma development.(Krah et al., 2015) Another

transcription factor that contributes to a loss of acinar identity is KLF4, which is
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known to have roles in cellular differentiation, cell cycle, apoptosis and
inflammation.(Ghaleb and Yang, 2017) Increased KLF4 expression is found in
human and mouse PanlIN cells, but not in normal pancreatic tissue, suggesting it
plays a role in PanIN formation.(Wei et al., 2016) Using a ductal ligation assay to
induce ADM, KLF4 was found to be significantly increased along with ductal
marker cytokeratin-19 (CK-19), and the ablation of KLF4 is also sufficient to
abrogate ADM, even in the presence of oncogenic Kras.(Wei et al., 2016) Further
investigation revealed that oncogenic Kras drives KLF4 overexpression, leading
to a downregulation of acinar gene Ptf1a and an upregulation of CK-19 ductal

marker, resulting in the repression acinar identity.(Wei et al., 2016)

1.1.11 Gain of ductal/progenitor identity.

The repression of acinar genes is one aspect of ADM, the other being the
induction of ductal genes such as Sox9 and hepatocyte nuclear factor 6 (HNF6).
During embryogenesis, Sox9 maintains progenitor cell turnover, and lineage-
tracing experiments have shown Sox9* pancreatic progenitors give rise to acinar
and ductal cells.(Aguilar-Medina et al., 2019) However, Sox9 expression is
restricted to ductal and centroacinar cells in adult pancreas, so the abundant
Sox9 in PanIN lesions supported the ductal origin.(Aguilar-Medina et al., 2019)
However, Sox9 expression in acinar-derived metaplastic ducts from Ela1-
CreERT2; Kras®'?? mice indicates Sox9 drives ductal reprogramming during Kras-
driven ADM. (Morris et al., 2010) During ADM, and in the context of Kras
activation, upregulation of Sox9 and CK-19 ductal markers are observed in
metaplastic acinar cells, and has been shown to be downstream of HNF6. (Prévot
et al., 2012) Over-expression of HNFé6 with adenoviral transduction in acinar
cells upregulates ductal genes (Sox9 and CK-19), and simultaneously represses
acinar gene signatures such as Mist1, Ptf1a and amylase.(Prévot et al., 2012)
This demonstrates that ADM is a multifaceted process reliant on several distinct
mechanisms, and it is unlikely that an individual signal will be responsible for

initiating ADM alone.
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1.1.12 Chronic inflammation is driven by IL-18, which also
drives Neoplastic Development.

Since ADM is a physiological response to intrinsic stress and damage, it is crucial
that pancreatic inflammation is transient and self-limiting, as continued
inflammatory insults will lead to permanent tissue dysregulation. In PDAC,
chronic pancreatitis is a well-defined risk factor as it leads to unresolved and
persistent ADM, which sensitise cells to oncogenic Kras mutations. (Marrache et
al., 2008) One notable driver of chronic pancreatitis is the inflammatory
cytokine IL-1B3, with higher IL-1p associated with increased disease
severity.(Marrache et al., 2008) When IL-1 overexpression is restricted to
pancreatic acinar cells it leads to pancreas-specific cellular proliferation,
apoptosis, fibrosis and persistent ADM.(Marrache et al., 2008) Chronic
pancreatitis is not only crucial for maintaining persistent ADM, but also for the
development of PanIN lesions and subsequent PDAC in adult mice.(Guerra et al.,
2007) Using an inducible mouse model (Kras*/t5-672Vseo.Elas-tTA/ tetO-Cre),
acinar-specific Kras®'? expression was controlled by a tet-off system, where
doxycycline repression of Kras®’? enabled the temporal control of oncogenic
recombination.(Guerra et al., 2007) In the absence of doxycycline, Kras¢'?V
recombination is followed by ADM in late embryonic development, leading to
extensive PanIN lesions and PDAC. (Guerra et al., 2007) However, the removal of
doxycycline at 60 days of age (P60) did not lead to ADM or PanIN lesions,
suggesting that oncogenic Kras alone is not sufficient facilitate ADM and PanINs
in adult acinar cells.(Guerra et al., 2007) Given that chronic pancreatitis is a
major risk factor in human disease, GEMMs can model this through treatment of
low dose caerulein, which induces the secretion of exocrine enzymes to mediate
chronic pancreatitis. (Willemer et al., 1992) Chronic treatment of low dose
caerulein combined with the removal of doxycycline in P60 mice led to diffuse
ADM, extensive high grade PanIN lesions and the development of invasive
PDAC.(Guerra et al., 2007) This indicates that recombination of oncogenic Kras
in adult acinar cells requires additional stimuli, such as IL-1p-mediated chronic

pancreatitis, to form PanINs and subsequent PDAC.
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1.1.13 Role of macrophages in ADM.

Chronic pancreatitis is a key aspect of ADM, as it is characterised by an
extensive immune infiltrate, notably macrophages. In caerulein-induced ADM,
depletion of macrophages (by macrophage toxin gadolinium chloride
hexahydrate) is sufficient to abrogate ADM formation, and culture of pancreatic
acinar cells with macrophage-conditioned media (CM) increased ductal and
reduced acinar gene expression — suggesting a central role for macrophages in
ADM formation. (Liou et al., 2013) Further to this, cytokine profiling of
macrophage CM found increased TNF and CCL5. Blocking of TNF and CCL5 in
acinar cell and macrophage co-cultures represses ADM through the inhibition of
NK-xB signalling and MMP-9 production in acinar cells. (Liou et al., 2013)
Therefore, ADM can be initiated by macrophage activation, as macrophage-
derived products drive a loss of acinar cell identity and upregulate ADM-inducing

factors.

In addition to IL-1p and TNF-qa., IL-6 has also been shown to be important in
PDAC, as IL-6 correlates with poor prognosis and is increased in patients with
metastatic disease compared to non-metastatic patients.(van Duijneveldt et al.,
2020) IL-6 is produced by numerous cell types, including macrophages, and
binding of IL-6 to IL-6R leads to Jak2 signalling and phosphorylation of Stat3
(pStat3), which drives anti-apoptotic mechanisms, increased proliferation and
immune modulation. (van Duijneveldt et al., 2020) Normal pancreata do not
exbibit pStat3, but it is present in high levels within human PDAC and PanIN
lesions. (Lesina et al., 2011) Furthermore, in GEMMs that have pancreas-specific
Stat3 inactivation (Ptf1a-Cre®*';Kras®'??;Stat3%panc), the loss of pStat3 prevents
the formation of PanIN lesions and results in higher levels of apoptosis.(Lesina et
al., 2011) This indicates that pStat3 signalling contributes to early PDAC
tumorigenesis by regulating proliferative and apoptotic mechanisms to drive
PanIN progression. Conventionally, pStat3 activity is driven by Jak2 signalling
following IL-6R binding its cognate ligand IL-6, with pStat3 activity controlled
endogenously through the action of Socs3 inhibitor.(Wang and Sun, 2014)
However, acinar cells do not express the IL-6R, with the activation of pStat3
occurring through IL-6 trans-signalling. This is a process whereby IL-6 forms a
complex with a soluble form of the IL-6R, which then induces pStat3 signalling

within cells that do not express the IL-6R, such as acinar cells.(Lesina et al.,
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2011) The importance of IL-6 in PDAC is shown in Ptf1a-Cre®*';Kras®'?°;/16=/~
mice which have impaired IL-6 trans-signalling, resulting in fewer PanIN lesions
and reduced lesion severity.(Lesina et al., 2011) Additionally, reconstitution of
bone marrow from IL-6=/~ donors in irradiated Ptf1a-Cre®';Kras®'?® mice did not
facilitate high grade PanIN development, unlike IL-6-competent donors which
developed high grade PanlINs.(Lesina et al., 2011) Finally, loss of pStat3
regulator Socs3 in Ptf1a-Cre®';Kras®'?’;Socs*’4 mice leads to accelerated PanIN
development, indicating that loss of Stat3 regulation can also drive PDAC
tumourigenesis. (Lesina et al., 2011) Therefore, macrophage-derived IL-6 can
mediate Stat3 signalling in acinar cells through IL-6 trans-signalling, which
modulates acinar cell proliferation and apoptosis to drive PanIN development;
additionally, the loss of Socs3-mediated Stat3 regulation can also drive PanIN
development. This cumulative evidence shows that whilst macrophage-driven
inflammation induces ADM, macrophage-derived products such as TNF-a and IL-6

can also directly influence early PDAC tumourigenesis.

1.1.14 Changes in macrophage polarisation facilitates PanIN
development.

Given the evidence that macrophages can establish ADM, the preceding step to
precursor PanIN lesions, macrophages clearly play a central role in PDAC
initiation and progression. When unresolving ADM occurs in the presence of
Kras®'?? mutations and chronic pancreatitis, macrophage behaviour can be
subverted from inflammatory to a more pro-fibrotic state.(Xue et al., 2015)
During chronic pancreatitis in mice, inflammatory cytokines such as IL-13 and IL-
6 become reduced and pro-fibrotic cytokines like TGF-p are increased.(Xue et
al., 2015) This fluid nature is characteristic of macrophages, which are highly
heterogeneous immune cells that can change their functionality based on signals
from the local cytokine milieu. ADM initiation is driven by inflammatory
macrophages, which are characterised through the production of cytokines such
as IL-1B, TNF-a, and IFN-y; they are also identified through nitric oxide synthase
(NOS) production and the promotion of inflammatory responses. (Lin et al., 2019)
During tumour development, macrophages are re-polarised and acquire a
tumour-associated macrophage (TAM) phenotype, which is highly
immunosuppressive and enables metastatic growth through immune subversion

and promotion of fibrosis.(Lin et al., 2019) TAMs are identifiable through the



30

production of anti-inflammatory cytokines such as IL-4, IL-10, IL-13 and TGF-p,
and the expression of CD163, CD206 and Ym1.(Lin et al., 2019) Within human
PanIN1/2 lesions, inflammatory macrophages (iNOS*) and TAMs (CD163* or Ym1*)
are found at a ratio of 1:2.(Liou et al., 2013) Furthermore, p48'¢; Kras®'?’ mice
exhibited a 3-fold increase in Ym1* TAMs in PanIN regions, with the dominant
populations in regions of ADM was found to be iNOS* inflammatory
macrophages. (Liou et al., 2013) This demonstrates that inflammatory
macrophages drive ADM establishment, but become repolarised to TAM

phenotype either prior to, or following, PanIN development.

1.1.15 PanINs subvert macrophage phenotype to facilitate
outgrowth.

In vitro studies have confirmed that peritoneal iNOS* inflammatory macrophages
can be re-polarised to a Ym1* TAM phenotype by the presence of IL-4/IL-13 in
culture.(Liou et al., 2017) Further to this, the presence of IL-13 within areas of
murine ADM and PanlINs indicates that the early preneoplastic microenvironment
may be responsible for TAM polarisation. (Liou et al., 2017) Pancreatic stellate
cells (PSCs) and CD4* Tn2 cells are known sources of IL-13, however, in situ
hybridisation (ISH) revealed co-expression of IL-13 with DCLK1* and a-tubulin®
tuft cells, also confirmed by flow cytometry of DCLK1 * tuft cells.(Liou et al.,
2017) Healthy murine pancreas is devoid of tuft cells; however, the presence of
ADM and neoplasia mediates tuft cell formation where they play a role in tissue
repair to maintain pancreatic homeostasis.(DelGiorno et al., 2020) The
application of IL-13 neutralising antibody reduces macrophages in PanIN regions,
specifically an 80% decrease in F4/80*Ym-1* TAMs in PanIN1 regions, but no
change to inflammatory F4/80*Stat1* macrophages.(Liou et al., 2017) The
reduction of TAMs also correlates with reduced fibrosis, along with reduced Ki67
expression and pErk1/2, which are markers of proliferating PanIN lesions.(Liou et
al., 2017) Therefore, macrophages initiate ADM and drive PanlIN lesion
formation, which leads to the activation of tuft cells in response to neoplastic
transformation. The subsequent release of IL-13 from tuft cells within PanIN
lesions then polarises macrophages to a TAM phenotype, which enhances stromal

deposition, cellular proliferation and drives PanIN progression.(Liou et al., 2017)
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The unresolving inflammation associated with neoplastic transformation is a
major contributing factor to TAM polarisation in early tumourigenesis. However,
cancer-associated inflammation is not comprised solely of a single macrophage
phenotype — microarray data from various tumour types indicates that
inflammatory macrophage (IL-1B, TNF-a, CXCL2 and Socs3) and TAM (Arginase 1)
gene signatures are both present within tumours. (Kratochvill et al., 2015) TAMs
eventually become the dominant population through disrupting a balance
between inflammatory macrophage and TAM phenotype. Macrophage populations
have differential signalling mechanisms and mediators; inflammatory
macrophages signal through NF-kB which activates various effector genes such as
TNF-a, and TAMs are driven by IL-4/1L-13 which activates Staté to upregulate
TAM effector genes.(Liu et al., 2017, Biswas and Mantovani, 2010) When bone
marrow-derived macrophages (BMDMs) were cultured with M-CSF and IL-13 with
or without TNF-a, the presence TNF-a was found to repress TAM gene
signatures. (Kratochvill et al., 2015) More specifically, inflammatory
macrophage-derived TNF-a impairs IL-13-driven upregulation of TAM genes,
acting as a negative regulator of TAM activity in early tumourigenesis. However,
continued PanIN lesion expansion leads to increased production of IL-13, which
overpowers the TNF-a-mediated repression and enables the expansion of TAM
phenotypes in the TME. Thus, TAMs are a fundamental immune cell in the early
PDAC TME, particularly for PanIN progression and the establishment of an

immune-suppressive TME.



32

1.2 PDAC Tumour Microenvironment (TME).

1.2.1 Cancer-associated fibroblasts (CAFs) play major roles within
the PDAC TME.

Despite the clear importance of macrophages in PDAC tumourigenesis, the PDAC
TME is immune-quiescent, resulting from the immune-suppressive mechanisms
that facilitate tumourigenesis. The outgrowth of PDAC is heavily reliant upon
this suppressive TME, which also consists of a significant stromal compartment
that drives a desmoplastic reaction characterised by overt fibrosis. As with
tumour initiation, there is no single factor that solely maintains the TME; it is
instead characterised by a complex network of immune-suppressive
inflammatory infiltrate and cancer-associated fibroblasts (CAFs) which influence
tumour growth, invasion and metastasis through a variety of mechanisms.(Bolm
et al., 2017)

CAFs can be generated from bone-marrow-derived mesenchymal stem cells
(MSCs), pancreatic stellate cells (PSCs) and from the pancreas-resident fibroblast
population. (Bolm et al., 2017) MSC-derived CAFs originate from bone marrow
and differentiate into a-smooth muscle actin* (aSMA) CAFs (myofibroblasts)
through TGF-B-driven mechanisms. (Quante et al., 2011) MSC-derived CAFs also
express pro-tumour IL-6 and CXCL12, which helps further recruit MSCs through
CXCR4-dependent mechanisms. (Quante et al., 2011) In the context of PDAC,
isolated cancer-associated MSCs (CA-MSC) were found to enhance PDAC cell
invasive potential and proliferation in co-culture, and through CA-MSC
conditioned media, wich suggests a secretory mechanism that drives PDAC
proliferation.(Waghray et al., 2016) Compared to other CAF populations, CA-
MSCs isolated from human PDAC were found to exclusively produce granulocyte-
macrophage colony stimulating factor (GM-CSF), with cognate receptor
expression also observed on CK-19+ PDAC cells in human PDAC.(Waghray et al.,
2016) GM-CSF knockout through shRNA in CA-MSCs abrogated the proliferation
and invasion of PDAC cells, and the addition of exogenous GM-CSF restored PDAC
proliferation.(Waghray et al., 2016) Thus, a component of the PDAC CAF
population is capable of directly promoting PDAC cell proliferation and invasion
through crosstalk mediated by CAF-derived GM-CSF.
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Despite the evidence that CA-MSCs are capable of driving PDAC cell proliferation
and invasive potential, the CAF subset that is regarded as providing the majority
of the stromal reaction are PSC-derived.(Ohlund et al., 2014) During
homeostasis, PSCs are considered to be quiescent cells, distinguishable through
their stellate morphology, and are found throughout the exocrine pancreas in
periductal and periacinar regions.(Awaji and Singh, 2019) Normal physiological
function of PSCs is to maintain ECM homeostasis, and they become activated as
part of the wound-healing response.(Ferdek and Jakubowska, 2017) PSCs can be
activated by platelet-derived growth factor (PDGF) and TGF-$ which leads to
PSCs acquiring a myofibroblast phenotype, characterised through the expression
of a-SMA.(Ohlund et al., 2014) a-SMA* CAFs produce matrix metalloproteinases
(MMPs) which are ECM-degrading products, along with fibronectin and collagen
(type I, lll and 1V) to remodel the ECM — this forms the basis of the desmoplastic
reaction. (Ohlund et al., 2014) During acute inflammation, the activation of
apoptotic mechanisms within fibroblasts normally ensures this ECM remodelling
is transient.(Ohlund et al., 2014) However, during the chronic inflammation
associated with neoplastic transformation, fibroblast activation is maintained
and leads to extensive fibrotic deposition.(Awaji and Singh, 2019) Thus, CAF
populations within PDAC are highly heterogenous and have diverse functions
which range from direct crosstalk, and the promotion of proliferation and cell
invasion, or promoting the desmoplastic reaction through matrix remodelling and

fibrotic deposition.

The activation and reprogramming of PSCs to CAFs is driven by a multitude of
soluble factors, notable examples include TGF-B, PDGF, IL-1 and IL-6 — all
factors that are present within the early TME following neoplastic cell
transformation. (Ohlund et al., 2014) The ability to respond to a diverse range of
activating signals further indicates CAF plasticity, with the term “CAF” used as
an umbrella term that belies the true population heterogeneity, which has been
poorly studied and defined until recently. Within PDAC, there exists a variety of
biomarkers that can identify CAFs; this includes a-SMA, fibroblast activation
protein (FAP), podoplanin (PDPN) and PDGFRa/p — however, biomarker
expression alone cannot identify PDAC CAF subpopulations.(Pereira et al., 2019)
Instead, CAFs are defined through a variety of factors such as biomarker

expression and spatial location within the PDAC TME (Figure 1-3). The



34

heterogeneity of PDAC CAFs was demonstrated through immunofluorescence
staining of human PDAC CAFs, which revealed differential expression of a-SMA —
o-SMAMeh FAP* CAFs were found in close proximity to PDAC cells and were
classed as myofibroblastic CAFS (myCAFs).(Ohlund et al., 2017) Co-culture of
murine PSCs with KPC organoids confirmed that PSC-derived CAFs expressing
high levels of o-SMA were found in close proximity to PDAC organoids. (Ohlund et
al., 2017) Secretome analysis of the conditioned media from the co-culture
revealed elevated expression of inflammatory cytokines, notably IL-6.(Ohlund et
al., 2017) Trans-well cultures confirmed that PSCs were the source of IL-6, and
produced other cytokines such as IL-11 and leukaemia inhibitory factor (LIF) in a
paracrine signalling axis between KPC cells.(Ohlund et al., 2017) However,
despite culturing of PSCs with organoid conditioned media establishing CAF
phenotype (FAP* and PDGFR*), the upregulation of IL-6, IL-11 and LIF RNA levels
occurred with a reduction in o.-SMA RNA and protein levels — indicating a loss of
myofibroblastic CAF phenotype.(Ohlund et al., 2017) Based on this, two mutually
exclusive CAF populations were defined; firstly, o-SMAMe" |L-6'°% myCAFs found
proximally to PDAC cells; and secondly, more distally located o.-SMA'®Y |L-6Migh
CAFs that do not require direct cell-cell contact to mediate cytokine production
— these were termed inflammatory CAFs (iCAFs) due to their ability to produce
inflammatory cytokines.(Ohlund et al., 2017) Additionally, CAFs that express
high MHC Il in response to local IFN-y can activate CD4* T cell by TCR ligation
and are termed antigen-presenting CAFs (apCAFs). These apCAFs can also
convert to myCAFs under certain conditions, but for simplicity | will herein focus
on myCAFs and iCAFs. (Elyada et al., 2019) Single cell RNA-sequencing confirms
that myCAFs and iCAFs are two distinct populations, and are characterised by
upregulated TGF-B and JAK/STAT signalling pathways, respectively. (Biffi et al.,
2019) Regarding iCAFs, IL-1a has been shown to drive the production of
inflammatory factors such as IL-6 from CAFs, and IL-1a receptor (IL1R1)
expression on CAFs confirms an ability to respond to NF-kB activating ligands
such as IL-1a..(Tjomsland et al., 2011, Biffi et al., 2019) In both human and
murine PSC culture, IL-1a leads to the upregulation of various inflammatory
cytokines such as IL-1a, IL-6, LIF, CXCL1 and G-CSF at the expense of a-SMA
expression and TGF-f signalling. (Biffi et al., 2019) Despite IL-1a driving

inflammatory cytokine production, the action of LIF was found to be
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indispensable for the activation of JAK/STAT signalling, and maintains the iCAF
lineage in an autocrine manner — an illustration summarising iCAF and myCAF
differentiation can be found below (Figure 1-3).(Biffi et al., 2019) Conversely,
myCAFs are established through TGF-f signalling, which was found to impair
iCAFs through the inhibition of JAK/STAT signalling through IL-1R
downregulation. (Biffi et al., 2019) Thus, since both IL-1a. and TGF-p drive iCAF
and myCAF differentiation through antagonising signalling mechanisms,
respectively, CAF lineage commitment is believed to be determined through the
physical location within the TME. In summary, myCAFs are located proximally to
PDAC cells, as PDAC-derived TGF-B establishes myCAF identity through
antagonising IL-1a signalling; conversely, the more distally located CAFs respond
to IL-1a signalling in the absence of TGF-f-mediated inhibition, and become

iCAFs that produce a variety of inflammatory cytokines. (Biffi et al., 2019)
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Figure 1-3 CAF populations within the PDAC TME are heterogeneous.

Tumour-secreted TGF-$ acts on proximally located PSCs within the TME, leading to TGF-f3
signalling and repression of IL-1a signalling. TGF-f signalling directs myCAF differentiation,
identifiable through expression of a-SMA and the production of collagen which contributes to the
PDAC stromal reaction. Tumour-secreted IL-1a acts on more distal PSCs and mediates NF-kB
signalling following IL-1R signalling. NF-kB signalling leads to production of LIF, which maintains
iCAFs through an autocrine signalling loop that upregulates IL-1R expression. NF-kB also drives
Jak/STAT signalling which establishes an inflammatory phenotype through the production of pro-
tumour mediators including IL-1a, IL-6, G-CSF and CXCLA1. Finally, IFN-y upregulates MHC I
expression on PSCs to promote apCAF development, which increases CD69 expression on CD4*
T cells. Adapted from Biffi et al, 2018 & Elyada et al, 2019.
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By understanding CAF heterogeneity, signalling and effector mechanisms, it is
hoped that this will translate into potential for therapeutic exploitation. Current
standard of care regimens such as gemcitabine are largely ineffective in PDAC,
as the dense stromal compartment presents a barrier to agent delivery.(Dalin et
al., 2019) Logically, it has previously been believed that depletion of the stromal
compartment, particularly the collagen-producing o.-SMA* myofibroblasts
(myCAFs), would enable improved delivery of chemotherapeutic agents and
improve survival.(Ozdemir et al., 2014) However, myofibroblast depletion in
both early and late stage PDAC led to reduced survival, as undifferentiated
tumours resulted in increased tumour invasion.(Ozdemir et al., 2014) Further to
this, loss of sonic hedgehog (Shh) in PDAC led to increased tumour aggressiveness
and reduced survival, as Shh signalling promotes the desmoplastic
reaction.(Rhim et al., 2014) However, it is hoped that a greater understanding of
CAF heterogeneity and the underlying mechanisms will enable the development
of more sophisticated therapeutic regimens. For example, in iCAF development
IL-1a activates JAK/STAT signalling within PSCs which leads to LIF production
which maintains iCAFs through autocrine signalling. (Biffi et al., 2019) However,
LIF is a pleiotropic cytokine and binds to its cognate receptor on PDAC cells,
leading to the activation of pro-tumour STAT3 signalling, which regulates
proliferative and anti-apoptotic mechanisms.(Lesina et al., 2011) Genetic
depletion of LIFR in KPC mice (Lifrfx/flox) was found to significantly increase
survival, delay PanIN progression and reduce pro-tumour GM-CSF and CCL11.(Shi
et al., 2019) Further to this, iCAF-derived IL-6 is also known to be pro-
tumourigenic through the direct induction of STAT3.(Lesina et al., 2011)
Pharmacological inhibition of IL-6 through impaired mTOR signalling prevented
CAF production of IL-6, compromising tumour growth and reduced PDAC
chemoresistance. (Duluc et al., 2015) Finally, apCAFs are also found in the PDAC
TME which respond to IFN-y, this upregulates STAT1 and MHC molecules, leading
to increased CD69 expression on CD4* T cells.(Elyada et al., 2019) Thus, a
greater understanding of CAF heterogeneity will lead to tailored therapies that
are more specific than complete CAF ablation, leading to improved therapies

with fewer adverse effects.
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1.2.2 Immune cells play a fundamental role in PDAC.

The interplay between the immune system and cancer is a fundamental aspect
of malignant disease, with the subversion of anti-tumour immune mechanisms
central in driving tumour outgrowth. This is known as cancer immunoediting,
which is defined by three stages; elimination, equilibrium and escape. (Dunn et
al., 2004, Mittal et al., 2014) “Elimination” occurs when malignant
transformation and inflammation recruit innate and adaptive immune cells to
drive early anti-tumour responses. (Dunn et al., 2004, Mittal et al., 2014)
Immune-mediated elimination is initially effective at restraining tumour growth,
however, strong immune selection pressure drives the evolution of tumour cells
that resist immune clearance — this state is defined as “Equilibrium”.(Dunn et
al., 2004, Mittal et al., 2014) During equilibrium, development of an immune-
suppressive TME actively subverts anti-tumour responses through various
mechanisms, and leads to the final “Escape” phase, which is characterised by
tumour outgrowth and immune-suppression. (Dunn et al., 2004, Mittal et al.,
2014) In PDAC, TME development is characterised by a strong desmoplastic
reaction, which restricts immune cell infiltration, drives chemoresistance and
impairs anti-tumour immune responses.(Wachsmann et al., 2012) Thus, the
impairment of anti-tumour immune responses is key in driving the growth,
invasiveness and metastatic potential of PDAC cells. (Liu et al., 2019) One major
characteristic of the PDAC TME is the immunosuppressive immune infiltrate,
particularly myeloid cells, which play a central role in driving
tumourigenesis. (Noy and Pollard, 2014) However, the general immune
suppressive functions of myeloid cells are often attributed to myeloid-derived
suppressor cells (MDSC), which have been shown to correlate with cancer stage
and metastatic burden.(Diaz-Montero et al., 2009, Stromnes et al., 2014) Data
from KPC mice further indicates that MDSCs are major component of the PDAC
TME, drive immune suppression and are associated with metastasis. (Bayne et al.,
2012) However, the term MDSC encompasses a heterogenous population of
myeloid cells that includes monocytes and neutrophils, which both have distinct
pro-tumour functions within the PDAC TME, and their identification and
biochemical function remain controversial. (Steele et al., 2016, Candido et al.,
2018, Zhu et al., 2017) Consequently, the functions of specific myeloid
populations such as neutrophils and macrophages in PDAC will be discussed

further.
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1.2.3 Macrophages in PDAC.

Macrophages are a major component of the PDAC TME and function as
phagocytic cells of the innate immune system, and are important cytokine
producing cells.(Arango Duque and Descoteaux, 2014) Macrophages are also
highly plastic cells and have diverse effector functions that are polarised by the
local cytokine milieu, promoting either pro-inflammatory or immune-regulatory
functions.(Arango Duque and Descoteaux, 2014) In PDAC tumourigenesis,
macrophage polarisation is subverted within the TME and establishes a TAM
phenotype that is potently immunosuppressive. (Habtezion et al., 2016) The
polarisation of TAMs is crucial for PDAC progression, as they are not only
immune-suppressive, but drive early tumourigenesis, PDAC invasiveness,
chemotherapy resistance and metastasis. (Lin et al., 2019, Liou et al., 2013, Liou
et al., 2017, Céspedes et al., 2016, Nielsen et al., 2016, Ireland et al., 2016)

1.2.4 TAM Polarisation in PDAC.

As mentioned above, the plastic function of macrophages is shaped by the local
cytokine milieu, which promotes the development of inflammatory or regulatory
macrophage phenotypes.(Cui et al., 2016) Briefly, inflammatory macrophages
derive from circulating monocytes and respond to IFN-y and inflammatory signals
such as LPS.(Yang et al., 2020, Arango Duque and Descoteaux, 2014) Following
activation, they produce IL-1B, IFN-y, TNF-a, and other cytokines such as IL-6
and IL-23; they are also identifiable through surface expression of CD86, CD11b
and CXCR3, and they clear infections through phagocytosis and the promotion of
Th1 immune responses.(Yang et al., 2020, Arango Duque and Descoteaux, 2014)
Conversely, pro-tumour TAMs respond to IL-4, IL-10, IL-13 and TGF-p, with
macrophage colony stimulating factor (M-CSF) also implicated; TAMs are CD163*
and CD206* and produce TGF-p, IL-10, matrix metalloproteinases (MMP) and
chemoattractant molecules such as CCL2, CCL5 and VEGF (Figure 1-4).(Yang et
al., 2020, Arango Duque and Descoteaux, 2014) This phenotypic switch is
fundamental in PDAC tumourigenesis, and was primarily thought to be driven by

the recruitment and polarisation of monocyte-derived macrophages.

During normal physiological responses to pancreatic injury, inflammatory

macrophages accumulate and exert pro-inflammatory function through
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production of IL-13, TNF-a and IL-6, facilitated through NF-«B signalling.(Liou et
al., 2013) However, inflammatory responses are normally transient and self-
limiting, but the presence of chronic pancreatitis and oncogenic Kras signalling
maintains continuous NF-kB expression in a positive feedback loop, contributing
to unresolving inflammation. (Daniluk et al., 2012) As previously described,
chronic pancreatitis is a major PDAC risk factor as it is dominated by immune-
regulatory phenotypes, particularly CD206* macrophages expressing IL-10 and
TGF-B.(Xue et al., 2015) During chronic pancreatitis, which can be considered
the early TME, this re-polarisation of macrophages is directed by pancreatic
stellate cells (PSC), which are proximally located to macrophages. (Xue et al.,
2015) PSC conditioned medium contains high levels of IL-4/13, and upregulates
the expression of CD206 on bone marrow-derived macrophages (BMDM) along
with the capacity to produce IL-10 and TGF-B.(Xue et al., 2015) TAM polarisation
is further cemented through a positive feedback loop, as CD206* TAMs
upregulate IL-4Ra to become more responsive to IL-4/13, and the production of
TGF-B along with platelet-derived growth factor (PDGF) increases the production
of IL-4/13 from PSCs. (Xue et al., 2015) Additionally, IL-13 production from tuft
cells in early PanIN lesions further contributes to the polarisation of TAMs, and

cements the immunosuppressive nature of the early TME.

The maintenance of these TAM populations was hypothesised to be through
CCL2-mediated recruitment of monocyte-derived macrophages from bone
marrow to the PDAC TME, as patients with high CCL2 have increased macrophage
infiltration and reduced survival.(Sanford et al., 2013) Under homeostatic
conditions, stromal cells express CXCL12 within the bone marrow, which binds to
CXCR4 on monocytes acting as a retention signal.(Wang et al., 2009) Under
inflammatory conditions, CCL2 upregulation activates CCR2 on bone marrow
monocytes, and desensitises the CXCR4 retention signal, enabling the
mobilisation of inflammatory monocytes.(Wang et al., 2009, Jung et al., 2015)
CCL2 expression is attributable to a number of cancer-associated cells, including
fibroblasts, cancer cells and myeloid cells. (Gschwandtner et al., 2019) Indeed,
blockade of CCR2 signalling, although combined with CXCR2 blockade, has been
shown to improve therapeutic responses in PDAC, suggesting monocyte
mobilisation may be an important attribute of PDAC tumourigenesis. (Nywening
et al., 2018)
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Upon entry to the PDAC TME, monocytes must undergo differentiation to
macrophages, which is thought to be driven by tumour-derived M-CSF, an
important macrophage survival signal.(Hunter et al., 2009) M-CSF has also been
demonstrated to upregulate macrophage characteristics associated with TAMs,
such as expression of CD206 and IL-10 production; and also increases expression
of tumour-associated genes such as CCL2 and TGF-f.(Svensson et al., 2011) The
importance of TAM-associated M-CSF signalling has been demonstrated in a
number of preclinical GEMMs, that show M-CSF/M-CSFR signalling is crucial for
pro-tumour TAM activity in PDAC.(Zhu et al., 2014, Candido et al., 2018)
Blockade of M-CSFR signalling using tyrosine kinase inhibitor (PLX3397) not only
reduces F4/80* macrophage infiltration in orthotopic PDAC models, but also
leads to increased inflammatory gene expression (/fng and Stat1), and increased
expression genes associated with T cell recruitment (Cxcl10, Ccl3 and Ccl4) and
cytotoxic lymphocyte (Infg, CD8a and Prf1) gene signatures.(Zhu et al., 2014)
Additionally, the interruption of M-CSFR signalling led to increased death of
CD206* TAMS, reduced expression of immune-suppressive genes (I(10, Tgfb1,
Arg1) and increased anti-tumour gene signatures — indicating that the M-CSF
functions as a crucial regulator of pro-tumour TAM activity in PDAC.(Zhu et al.,
2014) Autochthonous KPC models more accurately recapitulate PDAC, and M-
CSFR blockade (AZD7507) in KPC mice further confirms reduced macrophage
infiltration (Csf1r, Arg1 and Mrc1), enriched CTL gene signatures (Cd69, Cd8 and
Gzma) and impaired collagen deposition and fibroblast activation.(Candido et
al., 2018) Additionally, M-CSFR blockade reduced pro-tumour IL-6 and IL-10
production, impaired PD-L1* TAMs in the PDAC TME and led to reductions in
tumour mass — confirming the central role of M-CSF in driving TAM
activity.(Candido et al., 2018) Finally, M-CSF also influences PDAC subtype
development, as M-CSFR blockade switches from poor prognosis squamous
subtype to more favourable immunogenic and ADEX subtypes. (Candido et al.,
2018) Therefore, M-CSF not only plays a fundamental role in driving pro-tumour
TAM activity in the PDAC TME, and but also contributes to the squamous subtype
of human PDAC.(Candido et al., 2018, Bailey et al., 2016) Thus, the literature
details that PDAC TAMs can be derived from bone marrow progenitors, and
driven through inflammatory CCL2-mediated recruitment and that tumour-

derived M-CSF induces differentiation to protumour TAM phenotype.
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1.2.5 Tissue-resident macrophages can promote PDAC
tumourigenesis.

There is evidence that suggesting that not only are monocyte-derived
macrophages important for PDAC tumourigenesis, but that embryonic-derived
macrophages are also important pro-tumour cells. Macrophages are
heterogenous and can derive either from Flt3+ hematopoietic stem cell (HSC)
progenitors during adult haematopoiesis, or from embryonic-derived
macrophages where they persist as a self-renewing population.(Wynn et al.,
2013) Orthotopic transplantation of KPC cells into CCR2-deficient (CCR2~/~) mice
reduces PDAC TAM populations by 50% but did not impact tumour growth —
indicating that whilst monocyte-derived macrophages contribute to the TAM
population, they might be dispensable in PDAC development.(Zhu et al., 2017)
Using the FLt3-Cre*; LSL-YFP (Flt3-Cre"™) reporter mouse, lineage tracing
revealed that YFP* TAMs are defined as monocyte-derived and develop from HSC
progenitors through FLt3 upregulation and express high levels of MHC II;
conversely, embryonic-derived TAMS (YFP~) develop independently of FIt3* HSC
progenitors, and are distinct through lower expression of MHC Il.(Zhu et al.,
2017) Treatment with anti-M-CSFR on E13 depleted embryonic-derived
macrophages, significantly reduced TAM populations and delayed PDAC
progression, illustrating MHC 1I'> embryonic-derived TAMs drive PDAC progression
when monocyte-derived TAMs are reduced.(Zhu et al., 2017) The delineation
between the two macrophage populations has been previously demonstrated in
the literature; with yolk-sac (embryonic) macrophages identified as F4/80Pisht,
Flt3~, Cx3cr1* and controlled by the transcription factor Maf; and HSC-derived
macrophages identifiable through expression of Gata2 and Ccr2 which control
monocyte differentiation and recruitment, respectively.(Schulz et al., 2012)
However, CCR2~/~ mice still retain some Ly6C* monocytes in the circulation, and
as CCR2 is required for 80-90% of macrophage infiltration from the periphery,
some monocyte-derived macrophage populations remain. (Hsieh et al., 2014)
Furthermore, the depletion of inflammatory monocytes by CCR2 inhibition (PF-
04136309) in orthotopic PDAC models demonstrates enhanced anti-tumour
immunity and reduced metastatic dissemination; and high levels of CCR2/CCL2
have poor prognosis in human patients following resection. (Sanford et al., 2013)
Additionally, the role of bone marrow-derived macrophages is multi-faceted, as

recent evidence has detailed they can promote PDAC cancer progression by
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converting to cancer-associated fibroblast-like cells in response to conditioned
media, which then leads to increased invasive potential of pancreatic cancer
cells.(lwamoto et al., 2021) Thus, PDAC TAM populations exhibit diverse
ontogeny, and there is a greater appreciation of the pro-tumour function of
TAMs derived from embryonic macrophage populations which can promote
tumourigenesis through pro-fibrotic effector functions. However, the pro-tumour
role of monocyte-derived macrophages also indicates a fundamental role in
PDAC tumour progression, suggesting both TAM populations have non-redundant

function in PDAC progression.

1.2.6 TAMs have potent immune-suppressive function.

TAMs develop in response to the immune-suppressive cytokine milieu and exert
diverse effector functions that promote PDAC growth; this includes the
production of immune-regulating cytokines such as IL-10 and TGF-f; driving
angiogenesis and chemoresistance; and enhancing PDAC cell invasion and
metastatic potential.(Smith et al., 2018, Mittal et al., 2015, McBride et al.,
2002, Linton et al., 2018, Xian et al., 2017, Nielsen et al., 2016)

IL-10 is a pleiotropic cytokine produced by TAMs, and drives immune suppression
through inhibition of costimulation, Treg recruitment and the impairment of
APCs and CTLS and significantly correlates with poor survival in human

PDAC. (Saraiva and O'Garra, 2010, Smith et al., 2018, Mittal et al., 2015, McBride
et al., 2002, Candido et al., 2018, Poh and Ernst, 2021, Feng et al., 2018) In the
absence of IL-10 signalling, CD80/86 costimulatory molecules bind to CD28 on T
cells to augment TCR signalling. (Akdis et al., 2000) IL-10R signalling activates
the tyrosine phosphatase SHP-1, which dephosphorylates CD28 and impairs
costimulation to induce anergy, where T cells become functionally inert.(Taylor
et al., 2007, Joss et al., 2000) Additionally, IL-10 can also directly impede CTL
responses by impairing TCR/CD8 molecule co-localisation.(Smith et al., 2018) IL-
10R signalling activates STAT3, an immunoregulatory transcription factor, which
activates Mgat5. (Smith et al., 2018) Mgat5 then restricts TCR clustering by
binding Galectin (Gal3), impeding TCR/CD8 co-localisation and reducing the
antigen sensitivity of CTLs.(Smith et al., 2018) IL-10R signalling has also been
shown to impair IL-12 production in DCs, which negatively impacts on CTL

responses in preclinical breast cancer models and also impairs the ability of APCs
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to present antigen.(Ruffell et al., 2014, Mittal et al., 2015) DCs normally
respond to type 1 IFN and upregulate MHC Il and CD80/86 molecules to become
fully licensed, which reduces the activation threshold of T cells. (Mittal et al.,
2015) IL-10R signalling in macrophages upregulates March-1, an E3 ubiquitin
ligase, which increases lysosomal degradation of MHC Il and CD80/86 and impairs
macrophage antigen-presenting capacity. (Mittal et al., 2015) In DCs, IL-10 also
impairs antigen presentation through March-1 independent pathways, as STAT3
phosphorylation activates Socs3, a transcription factor that prevents NF-kB
translocation in DCs, impairing Th1 differentiation and promoting autocrine IL-10
secretion by DCs.(Schulke, 2018) Finally, IL-10 in the presence of TGF-3
promotes FOXP3+ Treg differentiation through STAT3-dependent
mechanisms. (Hsu et al., 2015) Thus, macrophage-derived IL-10 in PDAC TME is a
potent immune-suppressive cytokine that inhibits APC presentation of cognate
antigen, establishes T cell anergy through impaired costimulation, and directly

impairs anti-tumour CTLs.

In addition to IL-10, TAM-derived TGF-§ can induce epithelial-mesenchymal
transition (EMT), promote ECM remodelling, cancer stemness and contributes to
chemotherapy resistance in PDAC.(Yamazaki et al., 2014, Zhang et al., 2019,
Xian et al., 2017) TAMs are major sources of TGF-$ in the PDAC TME, and
expression of TGF-B negatively correlates with survival in late stage PDAC. (Poh
and Ernst, 2021, Principe et al., 2016) Firstly, TGF-B enhances the invasive
potential of PDAC cells through EMT; a process characterised through loss of
cell-cell interactions, epithelial junction proteins and basal polarity.(Wang et
al., 2017) Continuous TGF-p signalling also leads to Smad accumulation, which
stimulates the release of ECM products such as collagen, and activates fibrosis-
associated genes within CAFs.(Ahmed et al., 2017) In addition, Smad-
independent TGF-f signalling activates PI3-K and mTOR signalling which drives
cytoskeleton reorganisation to induce EMT.(Zhang et al., 2013) TGF-f signhalling
is also associated with increased tumour size, metastasis incidence and poor
survival.(Yamazaki et al., 2014, Katsuno et al., 2013, Yeh et al., 2018) TGF-$
also induces cancer cell stemness, specifically through CD51* TAMs, and
activates stemness-related transcripts within PDAC cancer cells.(Zhang et al.,
2019) Another function of TAM-derived TGF-f is the promotion of

chemoresistance, as treatment of TAMs with simvastatin impairs TGF-f31
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signalling and sensitises PDAC cells to gemcitabine.(Zhang et al., 2020a, Xian et
al., 2017) Additionally, PDAC-derived exosomes can also drive the production of
VEGF, IL-1B, IL-6, TNF-o. and MMP9 from TAMs. (Linton et al., 2018) VEGF in
particular is proangiogenic and contributes to chemoresistance through
increasing TME interstitial fluid pressure.(Gremonprez et al., 2015) PDAC
exosomes have also been implicated in the priming pre-metastatic niche (PMN)
through metastasis-associated macrophages (MAM).(Costa-Silva et al., 2015,
Nielsen et al., 2016) More specifically, PDAC exosome-educated Kupffer cells
(KC) release TGF-B, which activates hepatic stellate cells (HSTC) and promotes
fibronectin production, this enables metastasis-associated macrophage (MAM)
accumulation and priming of the PMN. (Costa-Silva et al., 2015) MAMs in the
PDAC PMN have greater expression of ECM proteases, particularly granulin,
which leads to production of fibronectin and periostin by HSTCs, which drives

pro-metastatic fibrosis. (Nielsen et al., 2016)
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Figure 1-4 Pro-tumour TAMs have diverse function in PDAC.

TAM polarisation occurs during chronic pancreatitis, which causes an accumulation of polarising
cytokines IL-4, IL-13, IL-10 and TGF-B. High IL-1§ activates PSCs to produce IL-4 and IL-13, and
IL-13 is also produced by tuft cells in precursor PanlIN lesions in early tumourigenesis. IL-10 and
TGF-B increase in response to chronic inflammation and drive TAM polarisation and immune
suppression. Pro-tumour TAM populations arise from embryonic-derived (tissue-resident)
macrophages that are FIt3-independent and are F4/80", CD206*, CD163*, CXCR4* and CX3CR1*.
TAM populations are partly replenished through CCL2-mediated recruitment and differentiation of
monocytes through M-CSF (CSF1). TAM-derived IL-6 directly promotes PDAC cell proliferation
through phosphorylation of STAT3, and they also produce VEGF to promote angiogenesis. IL-10
impairs DC antigen presentation and expression of CD28 costimulatory molecules to directly impair
anti-tumour immunity, and synergises with TGF-3 to promote development of FoxP3* Tregs, which
in turn produce TGF-B and IL-10 to suppress immune activity.

1.2.7 Neutrophils in PDAC

Despite macrophages being defined as the most dominant leukocyte population
within the PDAC TME, neutrophils also play a crucial role. Under homeostatic
conditions, excessive neutrophil mobilisation is controlled through retention
signals such as CXCL12/CXCR4 signalling and integrin expression (VCAM-1) within
bone marrow. (Eash et al., 2010, Coffelt et al., 2016) Whilst neutrophils are able
to egress under homeostatic conditions, the chronic inflammation associated
with tumourigenesis overrides neutrophil retention signals and results in

neutrophilia; for example, granulocyte colony stimulating factor (G-CSF) actively
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represses CXCL12 in bone marrow and CXCR4 expression on neutrophils,
respectively. (Eash et al., 2010, Kim et al., 2006) Additionally, the CXCR4
retention signal is also abrogated through peripheral expression of chemokine
ligands CXCL1-3 and CXCL5-8, which bind to cognate receptors CXCR1 and CXCR2
on neutrophils to promote egress. (Eash et al., 2010, Coffelt et al., 2016) These
mechanisms are often subverted during oncogenesis and enable excessive
neutrophil production, mobilisation and pro-tumourigenic polarisation. One of
the most significant pro-tumour roles for neutrophils in tumourigenesis is in the
metastatic cascade, with pro-metastatic function detailed in several cancer
settings. (Coffelt et al., 2015, Steele et al., 2016, Cools-Lartigue et al., 2013) In
the KEP (K14¢¢;Cdh1'F; Trp53F'F) mouse model of spontaneous breast cancer,
TAM-derived IL-1B stimulates the production of IL-17 from yd T cells, which
leads to downstream production of G-CSF and the mobilisation of immature
iNOS* neutrophils, which results in suppression of CD8* T cells and enables
metastatic colonisation. (Coffelt et al., 2015) Expansion of neutrophils within
the TME is often associated with undifferentiated tumours and poor prognosis in
PDAC.(Reid et al., 2011) In particular, the over-expression of neutrophil
chemoattractant CXCL5 correlates with poor survival, indicating that CXCR2-
mediated neutrophil recruitment is a tumour-promoting mechanism in PDAC. (Li
et al., 2011a)

1.2.8 CXCR2 drives tumour-promoting neutrophils in PDAC.

Cumulative evidence within the literature implicates the CXCR2 axis as a driving
force for tumourigenesis through several mechanisms, most notably the
recruitment of pro-metastatic neutrophils that restrain effective infiltration of
effector T cells into the TME. (Steele et al., 2016, Chao et al., 2016) In human
PDAC, CXCR2 expression along with its ligands CXCL2/8 are upregulated
compared to normal pancreas, with increased CXCL2/CXCR2 expression by MPO*
cells (neutrophils) correlating with poorer prognosis. (Steele et al., 2016) Thus,
high CXCR2 expression is associated with poor prognosis, and therapeutic
blockade has demonstrated augmentation of anti-tumour immunity. Additionally,
PDAC cells are also capable of producing CXCL1/2 to mediate the crosstalk
between PDAC cells and neutrophils within the TME, a crucial facet of PDAC
tumourigenesis. (Steele et al., 2016, Nywening et al., 2018, Stromnes et al.,
2014) Thus, Steele et al. looked to determine the role of CXCR2 signalling in
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spontaneous PDAC through CXCR2-deficient KPC mice (KPC;Cxcr2='~).(Steele et

al., 2016) Interestingly, KPC;Cxcr2—/~ mice display no survival benefit; however,
loss of infiltrating neutrophils confers an almost complete reduction in
spontaneous metastases, reduced fibrotic reaction and increased CD3* T cell
infiltration — indicating a central role for CXCR2 in promoting metastasis and
contributing to the immunosuppressive desmoplastic stroma in PDAC. (Steele et
al., 2016) Pharmacological inhibition through CXCR2 inhibitors(CXCR2i) pepducin
and AZ13381758 were successful at abrogating spontaneous metastases, but also
conferred significant survival benefit.(Steele et al., 2016) Treatment of late-
stage palpable KPC tumours first with CXCR2i enabled greater T cell infiltration
and was followed by anti-PD-1 therapy; this resulted in a sensitisation of late-
stage KPC mice to immunotherapy and a significant extension of survival of mice
treated with combined CXCR2i and PD-1 therapy.(Steele et al., 2016) Given the
high rates of metastatic disease within PDAC patients, further uncovering CXCR2
function within the PDAC TME could potentially provide substantial clinical
benefit.

The immunosuppressive and pro-tumour function of TANs is further shown
through TCGA analysis of human PDAC samples, which demonstrate that high
TAN infiltration correlates with the squamous subtype and poor prognosis.(Chao
et al., 2016, Bailey et al., 2016) Significantly high levels of CXCL5 and CXCR2
transcripts specifically within PDAC cells were associated with TAN infiltration,
and also correlated with oncogenic Kras expression.(Chao et al., 2016)
Therefore, oncogenic Kras and CXCL5 expression within PDAC cells can promote
crosstalk between PDAC cells and recruited TANs to drive tumourigenesis. (Chao
et al., 2016) The subcutaneous implantation of KPC cells into Cxcr2=/— mice
demonstrated significant impairments to tumour growth, but had no observable
differences in F4/80* TAM populations, CD31* endothelial cells or FoxP3 Tregs,
but instead exhibited increased memory (CD44"CD62L*) and effector
(CD44"MCD62L") effector T cells in the PDAC TME. This demonstrates that
PDAC/neutrophil crosstalk is mediated through CXCR2 and is an important aspect
of the immunosuppressive TME in PDAC.(Chao et al., 2016)



48

1.2.9 CXCR2 exerts additional pro-tumour functions in PDAC.

Whilst CXCR2 signalling drives primary tumour growth and metastatic
dissemination in PDAC, CXCR2 signalling also directs tumour-stroma interactions
which promotes angiogenesis, and enhances PDAC cell invasive and metastatic
potential.(Saintigny et al., 2013, ljichi et al., 2011, Matsuo et al., 2009a)
Effective tumour-stromal crosstalk is crucial to PDAC tumourigenesis, and
Ptf1acre’+;Kras®'?; Tgfbr2flox/flox mice detailed how the secretion of CXCR2
ligands maintain this synergistic relationship, as Ptf1a‘¢’*;Kras®'?® promotes the
formation of precursor PanIN lesions and the addition of Tgfbr2/ox/flox drives
invasive PDAC. (ljichi et al., 2011) PanIN lesions with intact TGF-$ signalling have
relatively low expression of CXCR2 ligands; however, PDAC cells with mutated
TGF-B secrete high levels of CXCL1 and CXCL5 which bind CXCR2 expressed on
stromal fibroblasts. (ljichi et al., 2011) More specifically, PDAC-derived CXCR2
ligands upregulate the expression of connective tissue growth factor (CTGF)
which strongly promotes fibrosis and is further augmented by TGF-

signalling. (ljichi et al., 2011, Lipson et al., 2012) CXCR2 is also expressed on
vascular endothelial cells, and production of CXCR2 ligands by PDAC cells
promotes angiogenesis and confers increased invasive potential of vascular
endothelial cells in vitro.(Matsuo et al., 2009b, Matsuo et al., 2009a) In
Ptf1ace’*; LSL-Kras®'?P; Tgfbr2/ox/flox (PKF) mice, it was found that PDAC cell—
conditioned media (PKF CM) was capable of stimulating CXCL1, CXCL2 and CXCL3
production by CAFs, and the invasion and migration of PDAC cells was
significantly enhanced through the addition of CAF-CM — suggesting feedback
loops of CXCR2 ligands within the TME between PDAC and stromal cells.(Sano et
al., 2019) PKF;CXCR2*'~ mice displayed no survival benefit but had significant
reductions in CD31* tumour microvessel density, further reinforcing the role the
CXCR2 axis plays in promoting PDAC angiogenesis.(Sano et al., 2019) In summary,
neutrophils play a fundamental role in PDAC by directly promoting
tumourigenesis, contributing to the immunosuppressive TME and facilitating
metastatic dissemination through the CXCR2 chemokine axis. However, CXCR2
signalling has additional protumour mechanisms independent of neutrophils and
can mediate tumour-stroma crosstalk, angiogenesis and contribute to the

characteristic desmoplastic reaction.
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1.2.10 NK cells in PDAC.

Natural killer (NK) cells are another class of innate immune cells that have been
implicated in cancer. More specifically, their potent cytotoxic mechanisms
direct anti-tumour immune surveillance, and higher levels of NK cells are
associated with reduced metastatic incidence in several human cancers. (Lopez-
Soto et al., 2017) NK cells make up between 5-10% of peripheral blood
mononuclear cells (PBMC), and respond rapidly to virally infected and
transformed cells; human NK cells are CD3-CD16*CD56* and sub-categorised into
CD16PretCD569™m (cytotoxic) and CD169mCD56P1 et (tissue-resident) subsets;
murine NK cells are CD3"NKp46*/NK1.1* and are divided into CD49a-DX5*
(circulating) and CD49a*DX5 (tissue-resident) subsets.(Wu et al., 2020, Jewett
et al., 2020, Sojka et al., 2014) NK cell activity is tightly regulated by activating
and inhibitory signals. To become activated, NK cells have natural cytotoxicity
receptors (NCRs) such as NKp30/44/46, which direct NK cell-mediated lysis and
the production of inflammatory cytokines. (Huntington et al., 2020, Kumar, 2018)
Additionally, natural-killer group 2, member D (NKG2D) activates NK cells by
binding to MICA, MICB and ULBP1-6 proteins that are upregulated during cell
stress and transformation. (Huntington et al., 2020, Paul and Lal, 2017) Finally,
NK cells also express DNAX accessory molecule-1 (DNAM-1), which binds to CD155
on infected and transformed cells, and is an important costimulatory molecule
that directs NK-mediated lysis. (Huntington et al., 2020, Kumar, 2018, Paul and
Lal, 2017) With regard to NK cell inhibition, one of the major routes to NK cell
control is through classical inhibitory receptors known as killer immunoglobulin-
like receptors (KIRs), which induce a strong inhibitory effect on NK cells by
signalling through inhibitory ITIM motifs. An example includes the inhibitory KIRs
KIR2DL1-3, which bind to MHC molecules (HLA-C) and prevent NK cell activation;
however, the absence of MHC molecules enables NK cell activation through the
concept of “missing self”, where stressed and virally infected cells downregulate
MHC | expression to avoid CD8* T cell-mediated cytotoxicity. (Miller, 2018)
Another example of an MHC-associated inhibitory receptor expressed by NK cells
is NKG2A/CD94, which binds to HLA-E to restrain NK cell activation. Finally, non-
MHC-related inhibitory receptors include T-cell Ig and ITIM domain (TIGIT),
which actively competes with DMAN-1 to bind CD155, and programmed cell
death-1 (PD-1) which bind to PD-L1 to restrain NK cells. (Huntington et al., 2020,

Cao et al., 2020) NK cell activation can also be mediated through cytokine
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signalling — specifically IL-12R, IL-15R, IL18R and IL-21R binding to cognate

ligands. (Huntington et al., 2020) Thus, NK cell independence from antigen-

specific routes of activation is a crucial aspect of their anti-tumour function.

1.2.11 Anti-tumour NK cell effector mechanisms.

Once activated, the cytotoxic activity of NK cells is mediated by two distinct
mechanisms — granule exocytosis of perforin and granzyme and the activation of
death receptor pathways such as FasL and TRAIL.(Smyth et al., 2005) Granule
exocytosis mediates apoptotic cell death, and is directed through cytotoxic
granules which contain proteases and pore-forming proteins.(Prager and Watzl,
2019) These granules maintain an acidic pH which restrains the activity of
granzyme and perforin, and they become activated in neutral pH when released
into the immune synapse following NK cell activation — perforin forms
transmembrane channels that facilitates entry of granzymes such as Granzyme B
and A which drive apoptosis. (Prager and Watzl, 2019) Activation of NK cells also
induces expression of FasL on the surface of NK cells, which binds to Fas
receptor (CD95) on target cells and results in the cleavage of caspase 8/10 —
this drives apoptosis through loss of mitochondrial outer membrane
potential.(Prager and Watzl, 2019) TRAIL-mediated cell death acts in a similar
manner, with TRAIL expression on activated NK cells directing similar apoptotic
mechanisms. (Prager and Watzl, 2019)

1.2.12 NK cells are impaired in PDAC.

Despite the importance of NK cell cytotoxic function, there is evidence that NK
cell activity is impaired in PDAC. In PDAC patients, tumour-infiltrating NK cells
have reduced activating receptors NKG2D and NKp30, impaired IFN-y production,
and increased expression of anti-inflammatory IL-10 — suggesting a more
regulatory NK phenotype in PDAC patients.(Marcon et al., 2020) Furthermore, NK
cells make up a tiny proportion (0.3%) of the TIL population found in PDAC
patients, when compared with other lymphocytes.(Lim et al., 2019) Expression
of CXCR2 ligands is high in PDAC tissue but infiltrated NK cells were found to
have reduced CXCR2 expression in PDAC patients, which indicates impaired NK
cell recruitment.(Lim et al., 2019) Over-expression of CXCR2 in NK cells through

CXCR2-expressing lentivirus rescues NK cell migrational capacity towards PDAC
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cells; therefore, impaired NK cell trafficking in PDAC is attributable to reduced
CXCR2 expression on NK cells.(Lim et al., 2019) In preclinical models of PDAC,
NK cell cytotoxic capacity in KC mice mirrors NK cell impairment seen in obesity,
a major PDAC risk factor.(Kaur et al., 2018) More specifically, pro-tumour IL-6
from pancreatic adipose tissue synergises with NK-derived IL-6 to impair IFN-y
production and cytotoxic function of NK cells. This functionally translates in to
reduced tumour killing capacity, where NK cells are incapable of killing
precursor PanIN lesions. (Kaur et al., 2018) Thus, despite anti-tumour function,
NK cell activity is also subverted in PDAC with reduced cytotoxic capacity and

cytokine production resulting in the growth of NK cell-resistant PDAC cells.

1.2.13 Dendritic cells in PDAC.

Although innate immune cell activity is a main feature of PDAC tumourigenesis,
the subversion of adaptive immune responses by impairment of dendritic cells
(DC) is also important. DCs can be split into three distinct categories:
plasmacytoid DCs (pDC), monocyte-derived DCs (moDC) and conventional DCs
(cDC). (Murphy, 2012) pDCs are located throughout the periphery and are major
sources of type | interferon (IFN), and are crucial for the early detection of viral
infections. (Gardner and Ruffell, 2016, Murphy, 2012) MoDCs form during
inflammatory responses and are highly plastic cells that exert numerous effector
functions in response to the diverse inflammatory milieu. (Gardner and Ruffell,
2016) Finally, cDCs are the major DC subset that activates T cells, as they
present exogenous and endogenous antigen on MHC | and Il, respectively, to
drive both CD4 and CD8 T cell activation.(Gardner and Ruffell, 2016) Until
recently, the role of cDCs in cancer was largely unknown, however, the “Cancer
Immunity Cycle” outlines the role of DCs in activating anti-tumour immunity
(Figure 1-5).(Chen and Mellman, 2013)
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Figure removed as it contains 3" party copyright material, and permission for
inclusion has not been granted.

Figure 1-5 The Cancer Immunity Cycle

Adaptive anti-tumour immunity is established in a stepwise manner and is characterised through
the priming and activation of anti-tumour T cells. Firstly, apoptosis and necrosis of cancer cells
leads to the release of cancer antigens within the tumour TME. Cancer antigens are then
processed by DCs within the TME, leading to DC maturation and licensing. DC licensing is
characterised through the expression of MHC molecules; the upregulation of costimulatory
molecules such as CD80/86 that provide additional signals to activate T cells; the production of T
cell-stimulating cytokines such as IL-2/12; and finally, the upregulation of chemokine receptors
such as CCRY that direct DC trafficking to draining lymph nodes. This cycle activates anti-tumour
immune responses and drives the expansion of cytolytic T cell populations. Taken from Chen and
Mellman, 2013.

To induce effector T cell responses, fully licensed DCs provide three distinct
signals — activation, survival, and differentiation.(Murphy, 2012) Naive CD4* T
cells are initially activated through the recognition of peptide/MHC complexes
via the TCR, and costimulatory molecules on the surface of DCs provide
additional stimuli for full activation. More specifically, CD80/86 (B7.1/7.2)
molecules on DCs bind CD28 receptors on CD4* T cells, which leads to the
autocrine production of IL-2, a crucial survival signal that promotes
proliferation. (Murphy, 2012) Following this, DC-derived cytokines direct the
development of distinct helper T cell subsets, including Tu1, T2, Th17, T
follicular helper (Tr4) and also regulatory T cell (Treg) subsets — this
differentiation signal provides context to help establish appropriate immune
responses. (Murphy, 2012) More specifically, DC-derived IFN-y and IL-12
encourages T-bet* Tu1 cells; IL-4 drives GATA3* Tu2 development; TGF-B, IL-6
and IL-13 promote RORyt* Th17 cells; and finally, TGF-$ and IL-6 alone drive
FOXP3* Treg and Bcl6* Trn subsets, respectively. (Murphy, 2012) CD8* CTLs require
additional costimulation rather than a differentiation signal owing to their
potent cytotoxicity — this often provided by CD4* T cells which produce IL-2 or
by increased costimulatory molecule expression on DCs.(Murphy, 2012) Thus,

following recognition of endogenous cross-resented antigen by MHC |/CD8 TCR
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complex, the additional stimuli from CD4* T cells promotes CD8 CTL activation
and subsequent differentiation. In the context of cancer, this is known as the
“Cancer Immunity Cycle”, which details how DCs direct adaptive anti-tumour
immunity. (Chen and Mellman, 2013) In short, TME-resident DCs can internalise
cancer antigen following cancer cell apoptosis or necrosis. During
internalisation, the TME inflammatory milieu promotes the upregulation of
costimulatory molecules, antigen presenting machinery and chemokine
receptors, known as DC licensing.(Chen and Mellman, 2013) Mature DCs then
migrate to draining lymph nodes and present cancer-associated antigens to naive
T cells, induce T cell activation and establish anti-tumour immunity. (Chen and
Mellman, 2013) Several tumour escape mechanisms subvert this cycle; firstly,
tumours with low immunogenicity provide insufficient antigen for DCs; secondly,
dense tumour stroma acts as a physical barrier for DC migration; impaired DC
maturation leads to immune tolerance; and finally, immunosuppressive cytokines
within the TME directly subvert anti-tumour immune responses.(Chen and
Mellman, 2013) There is growing evidence that subversion of DC function,
specifically antigen-presenting cDCs, is an important aspect of PDAC

tumourigenesis.

1.2.14 cDC paucity promotes immune dysfunction in PDAC.

cDCs are highly specialised cells, and promote anti-tumour immune responses by
transporting tumour antigen to draining lymph nodes and cross-presenting
exogenous tumour antigen to activate CD8* CTLs.(Gardner and Ruffell, 2016)
cDCs can be further subclassified into two groups; cDC1s cross-present
exogenous antigen on MHC | to activate CD8* CTLs, they require IRF8, Batf3 and
ID2 transcription factors for differentiation and express XCR1, CD103 and CD24;
cDC2s activate CD4* helper T cells through tumour antigen expression on MHC I,
they rely on IRF4 and ZEB2 transcription factors for development and express
CD172a.(Schlitzer et al., 2015, Noubade et al., 2019) Previously, lymphoid-
resident CD8a*cDC1s were defined as the cross-presenting DC population that
activated anti-tumour CTLs, however, recent developments indicate that
migratory CD103* cDC1s are more important.(Salmon et al., 2016, Roberts et al.,
2016) Roberts et al first showed that CD103* DCs are essential antigen trafficking
cells, and prime anti-tumour CD8* T cell responses in tumour settings through

CCR7-dependent trafficking mechanisms. (Roberts et al., 2016) More specifically,
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CD103* cDC1s were the dominant antigen trafficking population throughout
tumour development in B78ChOVA models (OVA expression with MCherry
reporter), and formed longer interactions with OT-I T cells when compared to
lymph node-resident CD8a DCs.(Roberts et al., 2016) Additionally, following
antigen internalisation, migratory CD103* DCs express significant levels of
surface CCR7, revealing a CCR7-dependent trafficking mechanism following
antigen internalisation. (Roberts et al., 2016) Further studies have shown that
CD103* cDC1s have intrinsic anti-tumour effect, as anti-PD-L1 therapy in B16
transplantable models confers survival benefit, but the absence of Batf3
transcription factor (Batf3~/~) abrogates the anti-tumour effect of anti-PD-
L1.(Salmon et al., 2016) The anti-tumour role of cDC1s only extends to the
activation of CD8 CTLs in the tumour draining lymph node (dLN), and does not
enhance their infiltration into tumours. (Salmon et al., 2016) Only combined
therapy of anti-PD-L1 with FLT3 ligation and poly I:C, which mobilise DC
precursors and upregulate costimulatory molecules, respectively, improved CTL
infiltration. (Salmon et al., 2016) Thus, whilst migratory cDC1s can facilitate
tumour antigen trafficking to tumour dLN, DC paucity, high checkpoint molecule
expression and insufficient T cell activation in the TME significantly restrains

anti-tumour immune responses.

There is emerging evidence that dysfunctional DC activity contributes to the
poor immune responses observed in PDAC. (Hegde et al., 2020, Meyer et al.,
2018, Lin et al., 2020) Murine PDAC tissue not only has fewer cDCs compared to
Kras®'?P; Trp53fVi,R26'™ (KPL) model of lung adenocarcinoma, but they are also
functionally impaired — CD103*CD24* cDC1s are 10-fold fewer in premalignant
KPC mice than KPL mice, and are 79-fold fewer in late stage disease.(Hegde et
al., 2020) In KPC-OG mice (OVA and GFP expression), Flt3 ligation combined with
CD40 agonist treatment increased MHC and CD80/86 expression, and also
enhanced CTL infiltration and resulted in reduced GFP expression, indicating
immune selection pressures associated with tumour clearance.(Hegde et al.,
2020) Therefore, KPC mice exhibit dysfunctional DCs that are insufficient to
prime anti-tumour CD8* responses. Evidence within the literature indicates that
DC paucity could result from tumour-induced myelopoiesis, which promotes the
expansion of immune-suppressive myeloid cells at the expense of cDC
populations. (Meyer et al., 2018) In MMTV-PyMT and KPC GEMMs, pre-DC (FLT3*
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CD11c*) and cDC1 (FLT3* CD11c* MHC II* CD24*) populations in bone marrow and

blood were significantly reduced compared to WT control groups, due to
upregulated monocyte genes at the expense of cDC (Irf8, Zbtb46 and Batf3)
gene programs. (Meyer et al., 2018) Irf8 is a fundamental transcription factor
that drives the commitment to cDC lineage and is also associated with patient
outcome in PDAC patients — with reduced Irf8 expression correlating with
increased cDC1 impairment and poorer prognosis. (Meyer et al., 2018) G-CSF has
been shown to impair Irf8 expression through the upregulation of STAT3, which
then leads to the expansion of granulocyte populations.(Netherby et al., 2017)
Indeed, neutralisation of G-CSF in PyMT-B6 mice leads to restored Irf8
expression, suggesting that G-CSF in tumour settings modulates Irf8 to expand
granulocytes at the expense of cDC populations. (Meyer et al., 2018) DC
dysfunction in early PDAC tumourigenesis has also been explored, and it was
found that cDCs in PDAC have partial upregulation of costimulation markers. (Lin
et al., 2020) Specifically, cDCs in PDAC have upregulated CD40 and CD86
molecules but no changes were observed in CD80, MHC Il and PD-L1 when
compared to PanIN, indicating impaired CD8* T cell priming.(Lin et al., 2020)
Interestingly, it was found that depletion of IL-6, which is elevated in pancreatic
neoplasia restored cDC1 numbers and further shows that chronic inflammation in
early PDAC neoplasia can promote cDC paucity and contribute to impaired CTL

responses. (Lin et al., 2020)
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1.3 YO T cells in cancer.

1.3.1 Basic background of yo T cells.

YO T cells are innate-like lymphocytes that are found in greater numbers at
mucosal and epithelial sites.(Komori et al., 2006) Although considered an
unconventional T cell, yo T cells develop from the same precursor as
conventional aB T cells in the thymus. (Petrie et al., 1992) Gene rearrangement
of B, y and 0 chains in double negative (DN) thymocytes determines T cell
lineage commitment, as different TCR configurations give differential signal
strengths and modulates levels of lineage-committing transcription factors (Id3)
and E-proteins. (Hayes et al., 2010, Fahl et al., 2018) Strong signals from yd TCRs
induces high levels of Id3, strongly repressing E-proteins to commit to yo
lineage; weaker signals from aB TCRs only mildly represses E-proteins due to
lower Id3 levels and facilitates aB lineage commitment.(Fahl et al., 2018,
Lauritsen et al., 2009) Following commitment to the yo lineage, y0 T cells can
either acquire function in the periphery or exit the thymus with pre-defined

effector function. (Parker and Ciofani, 2020)

1.3.2 Development of yé T cells and characterisation.

In humans, yo T cells can be classified into two distinct groups based on their o
chain usage — Vo1 and V&2.(Wu et al., 2017, Vantourout and Hayday, 2013) Vo1
T cells also are identifiable through the expression of Vy2/3/4/5/8 chains and
are found in the periphery; Vo2 T cells predominately express the Vy9 chain and
are circulating cells that can respond to phosphoantigens — human Vy962 cells
respond to tumour antigen, display antigen presenting capacity and cytotoxic
function and have been studied extensively for therapeutic exploitation.(Wu et
al., 2017, Lawand et al., 2017) In mice, y0 T cells develop in a series of waves
during embryogenesis; firstly, Vy5* DETCs appear at E13 and produce IFN-y; Vy6*
cells develop at E14 and are major sources of IL-17; finally Vy1* and Vy4* cells
emerge with pleiotropic cytokine function and produce IFN-y, IL-17A, TNF and
IL-4 (Figure 1-6).(Parker and Ciofani, 2020, Prinz et al., 2013, Silva-Santos et al.,
2015) However, murine yd T cells can be further categorised based on surface
marker expression, transcription factor expression and effector function — which

is either pro- or anti-tumourigenic in the context of cancer.(Silva-Santos et al.,
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2015) Anti-tumour yd T cells are identifiable through CD27+, IL-2RB*, NK1.1* and
high CD45RB surface markers, the production of IFN-y and through the
expression of transcription factor T-bet; conversely, pro-tumour yd T cells are
CD27-, but express CCR6, low CD45RB, produce IL-17A and express the
transcription factor RORyt. (Silva-Santos et al., 2015, Parker and Ciofani, 2020) A
key feature of yO T cells is their ability to become activated either through MHC-
independent routes such as cytokines within the local milieu, or in response to
TCR stimulation and NKG2D ligation. (Silva-Santos et al., 2015) Elucidation of yo
T cell-activating ligands remains elusive, as the TCR antigen type remains
unidentified, and TCR-antigen affinity is generally low which presents technical
difficulties in ligand identification.(Deseke and Prinz, 2020) NKG2D, a stress-
associated receptor that responds to the upregulation of stress molecules in
infected or transformed cells, plays a key role in innate tumour surveillance and
is a major recognised route of yd T cell activation.(Huntington et al., 2020, Paul
and Lal, 2017) However, more appropriate in the context of cancer is the ability
of yO T cells to respond to local cytokine milieu. It has been well documented
that protumour yo T cells respond to IL-18 and IL-23 to upregulate IL-17A
production; and anti-tumour yd T cells upregulate IFN-y and cytotoxic molecules
following NKG2D ligation and also in response to local cytokines such as IL-2 and
IL-15 independently of TCR stimulation.(Kong et al., 2009, Ribot et al., 2021)
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Figure 1-6 y3 T cells arise in distinct developmental waves throughout embryogenesis.

yd T cells arise in developmental waves throughout embryogenesis, with each wave giving rise to
distinct yo T cell lineages that have different TCRs, effector function and tissue-homing properties.
Firstly, Vy5" DETCs develop at E13 and specifically home to the skin, where they provide important
barrier function through IFN-y production. Next, Vy6* cells develop at roughly E16 where they
colonise tissues in the uterus, lung, tongue adipose tissue and brain; they also produce IL-17A and
are identifiable through CCR6 expression. Vy4* cells arise around E18 and exhibit polyfunctionality
through production of IL-17A and IFN-y, these cells home to lymphoid tissue, lungs, liver, and
dermis. Finally, Vy1* cells develop peri-natally (from E20/birth) and are found in the liver, spleen,
blood, and lymphoid tissue where they produce IL-17A and IFN-y. Vy7* yd T cells have not been
included above, as they develop extra-thymically within the small intestine. Adapted from Prinz et
al, 2013 and Ribot et al, 2021.

1.3.3 Anti-tumour y3 T cell function in cancer.

The anti-tumour function of yd T cells was first described by Hayday et al., who
demonstrated that loss of y0 T cells results in increased incidence of cutaneous
malignancy.(Girardi et al., 2001) This was due to the cytotoxic effector function
initiated by NKG2D ligation on y0 T cells by NKG2D ligand Rae-1, which is a
stress related MHC-I molecule upregulated during tumourigenesis. (Girardi et al.,
2001, Jung et al., 2012) This seminal study demonstrated that not only canyd T
cells exert protumour function, but that distinct tissue compartments may
influence yd T cell function due to the differential expression of NKG2D in
different tissues.(Girardi et al., 2001) Further anti-tumour yd function is
observed in the transgenic adenocarcinoma of the mouse prostate (TRAMP)
model, which mimics human prostate cancer through expression of SV40 Tag

oncogene expression in the prostate epithelium.(Liu et al., 2008, Gelman, 2016)
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TRAMP mice crossed with yd T cell-deficient mice (TRAMP;TCRO~/~) were found

to have greater tumour burdens than TRAMP controls, indicating yo T cells
contribute to tumour immune surveillance in murine prostate cancer.(Liu et al.,
2008) Furthermore, subcutaneous injection of TRAMP cells was followed by
adoptive transfer of expanded yd T cells, which are cytolytic against TRAP cells
in vitro. Adoptively transferred yd T cells localise to tumour tissues, and mice
treated with expanded yo T cells exhibited lower tumour burdens than control
mice. (Liu et al., 2008) This not only confirms anti-tumour yd T cell function, but
also highlights the therapeutic potential of adoptively transferred expanded
anti-tumour yo T cells.(Liu et al., 2008) yd T cells in the periphery also have a
predilection for IFN-y production following TCR stimulation, further upregulated
by the Th1-polarising cytokine IL-12.(Yin et al., 2002) Additionally, TCR
signalling in the presence of IL-4, a Th2-polarising cytokine, also results in T-bet
upregulation, indicating that yé TCR stimulation promotes the development of
anti-tumour IFN-y* y& T cells.(Yin et al., 2002)

As mentioned previously, the development of yo T cell subsets in mice give rise
to distinct subtypes with diverse cytokine production, for example Vy1* and Vy4*
subsets are both capable of producing IFN-y and IL-17.(Silva-Santos et al., 2015)
However, activated Vy4* cells have been shown to have greater capacity for IFN-
y production than Vy1* cells, and display cytotoxic capacity toward tumour cells
in vitro, directed through TCR ligation.(He et al., 2010) Finally, in the murine
B16 melanoma model, tumour-infiltrating Vy4* cells express greater levels of
perforin than Vy1* cells, indicating that Vy4* cells have protective capacity in
preclinical mouse cancer models. (He et al., 2010) Human yo T cells, specifically
the cytotoxic Vy9*Va2* subset, direct Fas/FasL-mediated apoptosis and induce
the expression of TRAIL receptors that can sensitise cancer cells to yo T cell
cytotoxicity — indicating that yd T cells can exert tumour killing function
through multiple mechanisms. (Li et al., 2011b, Tawfik et al., 2019) Finally,
there is evidence that yo T cells direct tumour killing through antibody-
mediated cell-dependent cytotoxicity (ADCC), as using bi-specific antibodies to
VY9 and Her2/neu (expressed on PDAC cells) enhances yd T cell cytotoxicity
towards PDAC cells.(Oberg et al., 2014) Thus, anti-tumour functions of yo T cells
are highly diverse and have been well-documented in a variety of different

cancer settings (Figure 1-7)
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Figure 1-7 yd T cells have diverse anti-tumour functions.

yO T cells can exert anti-tumour functions through a variety of mechanisms. Activation through the
TCR, by yet undefined ligands, mediates the upregulation of T-bet and drives INF-y*yd T cell
development. Expression of NKR ligands (MICA/B and Rae-1) to NKRs also activates anti-tumour
yO T cells and leads to IFN-y production, which drives anti-tumour immunity through induction of
Th1 immune responses and cytolytic NK cell development. Pro-tumour y& T cell activation is
augmented through the action of IL-15, IL-18 and IL-21, along with survival signal IL-2, which
upregulate T-bet transcription factor. Pro-tumour yd T cells also drive cancer cell apoptosis through
FAS/FASL and TRAIL/TRAIL-R, and through the release of cytolytic granules that contain perforin
and granzyme to induce apoptosis. Adapted from Silva-Santos et al, 2019.

1.3.4 Pro-tumour y3 T cell function in cancer.

The pro-tumour function of yd T cells has been studied in numerous preclinical
cancer models, and they have hugely diverse effector functions that can shape
the TME through a variety of mechanisms including immune suppression,

facilitating angiogenesis, directly influencing tumour proliferation, and driving

metastatic dissemination. However, as previously stated above, pro-tumour y6 T
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cells are generally identified through surface markers (notably the absence of
CD27) and TCR usage, but particularly through the production of pro-tumour IL-
17A (Figure 1-8).
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Figure 1-8 yd T cells have potent pro-tumour mechanisms in a variety of cancer settings.
Pro-tumour functions of yd T cells are heterogenous, but centres on the production of IL-17A by
RORVyt* yo T cells. The presence of IL-1B, IL-6, IL-23 and IL-7 promote the expansion of IL-17A-
producing yd T cells, with IL-7 also acting as a survival signal to promote yd T cell proliferation. IL-
17A production directly induces cancer cell proliferation, impairs CXCL9/10-mediated recruitment
of anti-tumour lymphocytes, but also upregulates tumour cell production of CXCR2 ligands to
recruit pro-metastatic myeloid cells. yd T cells also drive immune suppression through IL-10
production and stimulate cancer cell proliferation through the production of IL-22 and amphiregulin
(Areg). Production of IL-8 and VEGF also helps promote tumour growth and metastatic
dissemination through angiogenesis. Adapted from Silva-Santos et al, 2019.

In preclinical models of breast cancer, yd T cells have been shown to have
potent pro-tumour function by facilitating metastatic dissemination. (Coffelt et
al., 2015) In K14cre;Cdh1t'F; Trp53f/F (KEP) mice, a model of spontaneous breast
cancer, tumour-derived IL-1 activates Vy4*CD27~ yo T cells to produce IL-
17A.(Coffelt et al., 2015) The production of IL-17A was found to regulate the
expansion of immature immune-suppressive neutrophils that produced iNOS to
facilitate metastatic dissemination through the inhibition of cytotoxic CD8" T
cells.(Coffelt et al., 2015) In other experimental metastasis models have

confirmed IL-17A-producing Vy6* T cells as potent pro-metastatic cells that are
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regulated through Type | IFNs — revealing that pro-tumour yd T cells are a
heterogenous population. (Patin et al., 2018) This is further highlighted through
single cell analysis of yO T cells in the breast cancer pre-metastatic niche (PMN),
which reveals that yo T cell populations become more diverse in response to
tumours. (Edwards et al., 2021) In steady state, CD27~ y& T cells with enriched
IL-17A signatures are found within a single cluster; whereas in response to
tumour-derived IL-18 and IL-23, pro-tumour Vy4*/6* yO T cells expand into seven
clusters expressing genes associated with pro-tumour IL-17A* yo T cells. (Edwards
et al., 2021) In human breast cancer, patients with high yo T cell infiltration
have poor survival, as high y0 T cell infiltration also correlates with advanced
stage and lymph node metastasis.(Ma et al., 2012) Finally, despite human
VY9Vd* yo T cells not producing IL-17A, they are capable of driving
tumourigenesis and subvert anti-tumour immunity through the production of IL-8
and IL-10, respectively, further highlighting the central role of yo T cells in

breast cancer tumourigenesis.(Chabab et al., 2020)

YO T cells are found in greater numbers in mucosal sites — particularly within gut
tissue.(Komori et al., 2006) This population of yo T cells are called
intraepithelial lymphocytes (IELs) and are generally regarded as tissue-resident
cells that play a central role in maintaining barrier integrity and gut

homeostasis. (Suzuki et al., 2020) As with breast cancer, the pro-tumour role of
YO T cells in CRC largely centres upon their capacity to produce IL-17A and
modulate immune responses. (Suzuki et al., 2020) In murine CRC, driven through
loss of APC (Cdx2-Cre;Apcf’"t), impaired barrier integrity leads to IL-23 signalling
driven by infiltrating myeloid cells, which upregulates IL-17A responses and
results in reduced tumour growth.(Grivennikov et al., 2012) Additional studies
using APCMn’* mice crossed with IL-17A~/~ mice demonstrate reduced IL-6, IL-23
and IL-18 and also reduced tumour development, implicating IL-17A* y& T cells
drive tumourigenesis.(Chae et al., 2010) IL-17RA signalling is shown to be crucial
for early CRC tumourigenesis, as ablation of IL-17RA signalling leads to reduced
proliferation of transformed cells and loss of pro-tumour STAT3 signalling in
early lesion development.(Wang and Sun, 2014) Further research has shown that
a major pro-tumour function of IL-17A signalling is through the impairment of
anti-tumour immunity, as IL-17A signalling was found to inhibit CXCL9/10 from

CRC cells, which negatively impacts the recruitment of CTLs to tumours.(Chen et
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al., 2019b) In human CRC, Vo1*CD27- cells are the dominant cell population
compared to CD27*IFN-y* yo T cells found in normal colorectal tissue, suggesting
a phenotypic switch to pro-tumour.(Wu et al., 2014) This pro-tumour function is
activated through IL-23, which promotes IL-17A production along with IL-8 and
GM-CSF, which promote angiogenesis and myeloid cell expansion,
respectively.(Wu et al., 2014) The dominant V&1 subtype also shows a significant
proportion of CD39*FOXP3* cells that have high levels of checkpoint molecules
(CTLA-4/PD-1), suggesting a strong regulatory phenotype.(Hu et al., 2017) The
regulatory phenotype is further indicated through production of IL-10, GM-CSF
and TGF-B1; but is mainly exerted through the adenosine pathway where co-
expression of CD39 and CD73 enables the phosphoydrolysis of ATP to AMP, and
then converts AMP to immune-suppressive adenosine.(Hu et al., 2017, Chabab et
al., 2020) Tumour-infiltrating V61*CD39* y& T cells also correlate with advanced
CRC stage, tumour size and lymph node metastasis, so may be used as a
prognostic indicator in CRC patients.(Hu et al., 2017)

The heterogenous pro-tumour function of yo T cells is further observed in HCC
and ovarian cancer, which are driven by IL-17A-producing Vy4* and Vy6* y0 T
cells, respectively.(Ma et al., 2014, Rei et al., 2014) In HCC, IL-17A-producing
Vy4* T cells were not found to directly alter tumour cell proliferation, but
instead reduce CD8* memory cells, IFN-y effector function and drive the
production of CXCL5 by tumour cells to recruit pro-tumour immune-suppressive
myeloid cells.(Ma et al., 2014) In preclinical ovarian models, tumour-derived IL-7
promotes the expansion of Vyé6*IL-17-producing yd T cells, which produce
angiogenic factors (VEGFA and Ang-2) and recruit small peritoneal macrophages
that drive angiogenesis and proliferation of cancer cells.(Rei et al., 2014, Chen
et al., 2019a) This further reinforces that the crosstalk between yé T cells and

myeloid compartments are fundamental in driving a variety of tumour subtypes.

In lung cancer, there is strong evidence to show that IL-22/IL-22R are
overexpressed in lung cancer, exhibit immunomodulatory properties and directly
enhance proliferation, migration, and invasion of NSCLC cells.(Bi et al., 2016) yo
T cells are found to be major sources of IL-22 in Kras-driven lung cancer, and IL-
22/~ mice demonstrate lower IL-17 and IL-6/STAT3 signalling, reduced Ki67 and
EGR expression, and reduced lung lesions which further reinforces a central role
for IL-22-producing yo T cells in NSCLC. (Khosravi et al., 2018) Another route of
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pro-tumour yd T cell function is established through IL-18 and IL-23 signalling
following loss of microbial homeostasis during neoplastic transformation, which
leads to the expansion of tissue-resident RORyt* Vy6*CD27~ yo T cells.(Jin et al.,
2019) The expansion of a pro-tumour yo T cell subset occurs with increased
expression of neutrophil attractants (CXCL2 and G-CSF), increased IL-1R1 and IL-
23 to increase YO T cell responsiveness and production of amphiregulin (Areg),
which can drive tumour cell proliferation in a dose-dependent manner. (Jin et
al., 2019) Therefore, microbiota-activated yd T cells in lung can directly
stimulate tumour cell proliferation, and can influence lung inflammation through

pro-tumour myeloid cell recruitment. (Jin et al., 2019)

Finally, despite being classified as an immunologically cold tumour, there is a
growing appreciation of the role yd T cells play in pancreatic cancer (PDAC),
where they have been shown to play a pathogenic role in PDAC TME. (McAllister
et al., 2014) In normal tissues, yO T cells (RORyt*) are rarely found but increase
roughly 50-fold in PanIN lesions — the expression of oncogenic Kras also drives IL-
17A production from yo T cells. (McAllister et al., 2014) Pancreatic GEMMs with
genetic ablation of IL-17A demonstrate reduced collagen deposition, a less
aggressive stromal reaction and more normal histology when compared to IL-
17A** mice — pharmacological inhibition of IL-17A results in reduction of PanIN
lesions. (McAllister et al., 2014) Additionally loss of IL-17A expressions leads to
reduced /(6 transcripts which indicates protumour function of IL-17A-producing
YO T cells in early pancreatic carcinoma.(McAllister et al., 2014) Further
exploration has shown that IL-17A in early PanIN lesion development exerts the
protumour function through the regulation of tuft cell development, and
establishes stem cell marker upregulation in PanIN lesions to drive their
development to invasive carcinoma.(Zhang et al., 2018) Mice overexpressing IL-
17A have more extensive PanIN lesions expressing the tuft cell marker DCLK-1,
one of the major dysregulated genes associated with Embryonic Stem Cell
signature expressed during blockade of IL-17A.(Zhang et al., 2018) Neutralisation
of IL-17A signalling also impairs neutrophil recruitment to PDAC tumours, which
is mediated through the upregulation of CXCR2 ligands from KPC cells leading to
CD8* impairment.(Zhang et al., 2020b) Chronic IL-17 signalling in PDAC mediates
pancreatitis through peptidyl arginine deaminase type IV (Padi4) neutrophil

aggregates, which also drives NETosis — a process whereby Padi4 promotes the
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Figure 5-22 F4/80*CD64* TAMs may be reduced in KPC;Tcrd—— PDAC, but chemokine
receptors are not optimal markers for embryonic-derived TAMs.

KPC (n=3) and KPC;Tcrd—— (n=5) mice were aged to humane clinical endpoint and flow
cytometric analysis was performed. Proportion of viable CD45" cells following dump channel
(CD3"CD19*Ter-119%) exclusion (A). Proportions of Ly6G* neutrophils from CD11b*F4/80—CD64—
cells (B). Proportions of Ly6C* monocytes from Ly6G—CD11b*F4/80—CD64— cells (C). Proportions
of MHC II* DCs from F4/80—CD64—CD11c* cells (D). Proportions of cDC1 cells (XCR1*CD24%)
from F4/80—CD64—CD11¢c*MHC II* cells (E). Proportions of cDC2 cells (XCR1—CD24™) from
F4/80—CD64—CD11c*MHC II* cells (F). Proportions of macrophages (F4/80*CD64") from viable
CD45" cells (G). Proportions of embryonic-derived macrophages (F4/80*MHC 11°) from
CD11b*F4/80* CD64" cells (H). Proportions of monocyte-derived macrophages (F4/80*MHC I1M)
from CD11b*F4/80*CD64" cells (1). Proportions of CXCR4* cells from F4/80*CD64*CD11b* cells
(J). Proportions of CX3CR1* cells from F4/80*CD64*CD11b* cells (K).
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5.6 YO T cell-myeloid cell crosstalk signals.

5.6.1 Absence of yo T cells is associated with significant
reductions of IFN-y in KPC;Tcrd—~ serum.

To further investigate the crosstalk between yé T cells and TAMs in KPC mice, |
performed extensive cytokine profiling using the Luminex Magnetic Bead Array,
where KPC and KPC;Tcrd—/~ serum was tested to determine the expression of
systemic cytokine and chemokine signals. Serum samples were titrated and a
dilution of 1:16 was determined to be the optimal dilution factor. However,
following acquisition only 7/33 analytes returned results (data not shown). Given
that only 7/33 analytes were recorded, | hypothesised that the majority of the
remaining 26 analytes were either not expressed within the serum, or would be
expressed at much lower levels. Thus, | repeated the Luminex assay a lower
dilution factor (1:4) to determine if there were any changes to lowly expressed
analytes in the absence of yd T cells (Figure 5-23). With the lower dilution
factor, a substantially greater number of analytes were recorded; these included
CCL4, CCL5, CCL7, CCL11, CCL12, CCL21, CCL22, CXCL1, CXCL2, CXCL12,
CXCL13, GM-CSF, M-CSF, IFN-y, IL-17A, IL-1q, IL-6, IL-13 and IL-16 (Figure 5-23).
However, there were no observable changes between any cohorts (WT, KPC,
Tcrd=/—, KPC;Terd=/~) for CCL4, CCL5, CCL11, CCL21, CCL22, CXCL1, CXCL2,
CXCL12, CXCL13, GM-CSF, M-CSF, IL-17A or IL-13A. Interestingly, | found that
IFN-y was significantly reduced in KPC;Tcrd~/— compared to KPC mice, but the
levels of IFN-y in KPC mice were not significantly different from WT controls
(Figure 5-23). | also found that IL-6 was significantly increased in the serum of
both KPC and KPC;Tcrd—/~ mice compared to respective WT controls, but the
absence of yo T cells had no impact. The reduction in IFN-y expression was
unexpected, as | hypothesised that with reduced metastatic incidence in
KPC;Tcrd~/— mice there may also be a corresponding increase in anti-metastatic
IFN-y expression. However, given the KPC;Tcrd~'~ model is a global knockout of
all yo T cells (including IFN-y* yo T cells), this may explain the reduction. In
summary, my investigation into the changes in systemic chemokine\cytokine
signals in KPC;Tcrd—/~ yielded few significant results. However, these
observations indicate that any cross-talk between yd T cells and TAMs is
occurring in a TME-specific manner, and that the promotion of metastasis is not

mediated through the systemic signals from yd T cells.
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Figure 5-23 Loss of yd T cells leads to significant reductions of IFN-y in KPC;Tcrd—— serum
KPC (n=8) and KPC;Tcrd—'— (n=8) mice were aged to clinical endpoint, and blood was harvested
for serum preparation alongside corresponding WT (n=8) and Tcrd—'— (n=8) aged-matched
controls. Samples were diluted 1:4 prior to plating and incubation with capture, biotinylated and
then PE-Streptavidin antibodies. PE signal strength was determined on Luminex200 analyser to
determine the concentration of selected analytes. * P < 0.05 as determined by Kruskal-Wallis Test.
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5.6.2 Increased iCAF gene signatures suggests that yo T cells
suppress iCAF activity in the PDAC TME.

Following on from the Luminex analysis, | hypothesised that the crosstalk
between yo T cells and macrophages, and potentially PDPN* CAFs, is occurring
through a TME-specific signal. Therefore, | again utilised the in-house Molecular
Technology Services to perform bulk RNA-Seq analysis on PDAC tumour. KPC and
KPC;Tcrd~/— mice were aged to humane clinical endpoint and tumour pieces
were frozen in RNAlater, | then isolated the RNA and bulk RNA-Seq was
performed by Billy Clark and bioinformatics analysis was undertaken by Robin
Shaw. In this experiment | aimed to identify any differentially expressed genes
that might indicate a connection between yé T cells, macrophages and PDPN*
CAFs. The results from unsupervised differentially expressed gene analysis
(DEGA) indicate that KPC and KPC;Tcrd=/~ PDAC tissue have distinct gene
expression patterns, as KPC and KPC;Tcrd—/~ samples naturally cluster together
(Figure 5-24). Surprisingly, of the significantly upregulated genes in KPC mice
there were no indicators of enhanced macrophage activity compared to
KPC;Tcrd=/— PDAC, other than expression of Cxcr3 (previously been implicated in
tissue-resident PDAC TAMS) (Figure 5-24). (Zhu et al., 2017) Interestingly, in
KPC;Tcrd=/— PDAC tissue, iCAF gene products (Il11, Ccl7, Ccl11 and 1(33) are
upregulated compared to KPC PDAC tissue (Figure 5-24). Thus, the heatmaps
indicate that KPC and KPC;Tcrd—/— PDAC tissue have distinct expression patterns,
but that iCAF populations may be suppressed by yo T cells.
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Figure 5-24 KPC;Tcrd—— PDAC tissue has distinct expression profiles from KPC tissue, and
have increased expression of iCAF genes.

KPC (n=6) and KPC;Tcrd—'— (n=6) mice were aged to humane clinical endpoint, RNA was isolated
from PDAC tumours and bulk RNA-Seq was performed by Billy Clark (Beatson Molecular
Technology Services). Bioinformatics was then performed by Robin Shaw, and heatmaps were
generated to visualise clustering of KPC and KPC;Tcrd—— PDAC tissue, and also to visualise
differential gene expression.

To better visualise which genes are significantly altered in KPC;Tcrd=/~ PDAC,
volcano plots were generated from DEGA analysis results (Figure 5-25). The

volcano plots confirmed that /{11, Ccl7, Ccl11 and /(33 are significantly increased
in KPC;Tcrd~/— PDAC tissue, indicating that yd T cells instead suppress the iCAF
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population. Interestingly, Bst1 is significantly expressed in KPC PDAC tissue,
which recapitulates the findings from previous bulk RNA-Seq showing Bst1
expression in KPC-derived yo T cells. Scart1 is expressed mainly on yo T cells,
and so its increased expression in KPC PDAC indicates that yo T cell gene
signatures are an important aspect of KPC PDAC TME (Figure 5-25). It should be
noted that Tcrd and Trdv5 appear significantly expressed in KPC;Tcrd=—/— mice
(Figure 5-25), however, all mice were confirmed to be KPC;Tcrd—/—, and the high
expression of Tcrd in KPC;Tcrd=/— PDAC is most likely due to the alignment of
incomplete transcripts, leading to increased read counts. Thus, these data from
bulk RNA-seq of PDAC tumours has revealed that y6 T cells do not promote the
iCAF niche as initially hypothesised following PDPN IHC reduction, but instead
appear to impair this population within the PDAC TME.

Comparison of RNA Expression of PDAC tumours
from KPC and KPC Tcrd-/- (gamma-delta T cell-deficient) mice
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Figure 5-25 Genes associated with iCAF identity are significantly increased in KPC;Tcrd—'—
PDAC tissue compared to KPC PDAC.

Unsupervised differentially expressed gene analysis (DEGA) was performed to identify top genes
that were differentially expressed in KPC;Tcrd—— PDAC tissue compared to KPC PDAC tissue.
Volcano plots were used to visualise differential gene expression, with genes of interest
highlighted. Bioinformatics performed by Robin Shaw.
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To validate the findings from RNA-Seq, | then performed a western blot to
determine the expression of IL-33 protein in KPC and KPC;Tcrd=/— PDAC tissue,
which was shown in the RNA-Seq analysis to be upregulated in KPC;Tcrd='— PDAC
(Figure 5-25). Based on established literature, murine IL-33 can exist in WT and
truncated forms with molecular weight of roughly 37kDA and 20kDA,
respectively. (Travers et al., 2018) | performed a western blot to visualise IL-33
protein expression and observed bands with a molecular weight roughly 35kDA,
shown in the representative image of an IL-33 western blot (Figure 5-26A). This
indicates that WT IL-33 is the main form expressed in KPC and KPC;Tcrd—/~ PDAC
tissue (Figure 5-26A). | then sought to quantify the relative optical density to
establish if IL-33 protein expression was significantly different between KPC and
KPC;Tcrd—/~ PDAC tissue, and so stained for B-actin to serve as a protein loading
control (Figure 5-26B). Using FlJI(ImageJ), | quantified the relative optical
density of the bands by normalising IL-33 to B-actin pixel density, and found no
significant differences in IL-33 protein expression in KPC;Tcrd~/~ PDAC compared
to KPC PDAC (Figure 5-26C). There appears a trend towards increased IL-33 in
KPC;Tcrd=/~ PDAC, but there is significant variation of IL-33 protein expression
within the KPC group, with one notable outlier. This variation is most likely
attributable to the method of tissue sampling, where random tumour pieces are
collected and may result in tumour pieces that have vastly different tumour
architecture. Although speculative and underpowered because of the variation,
this data appears to corroborate the findings from RNA-Seq and indicates that IL-
33, which is a product produced by iCAFs, may be increased in KPC;Tcrd—/~ PDAC
tissue. Overall, the combined RNA-Seq and IL-33 western blot data confirms that
instead of promoting iCAF populations in the PDAC TME, yé T cells may suppress
iCAF populations.
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Figure 5-26 IL-33 protein is found at higher levels in KPC;Tcrd——, suggesting y& T cells
suppress rather than promote iCAF populations.

KPC (n=5) (lanes 3-7) and KPC (n=4) (lanes 8-11) mice were aged to humane clinical endpoint,
and PDAC tissue was snap frozen for protein lysates. Protein was extracted and western blot was
performed with primary antibody targeting murine IL-33 (37kDA), recombinant murine IL-33 was
included (lane 1) to act as a positive control (A). Loading control using primary antibody targeting
murine B-actin (B). Quantifications of IL-33 protein expression normalised to 3-actin loading control
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5.7 Discussion

In this chapter | aimed to uncover the impact of yo T cells on the primary
tumour TME and in the metastatic niche. | also investigated the global effects
that yo T cells have in KPC mice through cytokine profiling as well as bulk RNA

sequencing.

Firstly, | assessed the function of yd T cells within adipose tissue and
investigated their role in promoting cancer-associated cachexia in KPC mice. To
achieve this, | investigated if the absence of yo T cells resulted in changes to the
weight of adipose tissue depots, and if y0 T cell absence resulted in greater
immune cell activation and cytokine production within adipose tissue. In short, |
found that KPC and KPC;Tcrd~/~mice both display overt adipose tissue wastage
when aged to clinical endpoint, but that the absence of yé T cells did not
reverse or delay adipose tissue wastage, and so concluded that y6 T cells do not
contribute to cancer-associated cachexia. However, there are additional
indicators of cachexia, including skeletal muscle and cardiac muscle mass
compared to body weight, so | have not investigated all cachexia

readouts. (Olson et al., 2021) The KPC model has been utilised in several studies
in cancer-associated cachexia, but a recent study revealed a caveat within the
model, which indicates they are not optimal for studying cachexia. (Parajuli et
al., 2018, Petruzzelli et al., 2014) In short, KPC mice have significantly reduced
body weight regardless of pathology stage (PanIN, early PDAC or late-stage
PDAC), and have lower hind limb muscle (tibialis anterior, quadriceps and
gastrocnemius) weight when compared to controls. (Talbert et al., 2019)
Generation of the Kras®'?P’/+;Ptf1atR¢re/+;pten’’f (KPP) mouse enabled the
temporal control of oncogenic Kras®'?® expression by utilising the tamoxifen-
inducible Cre recombinase system; and KPP mice develop cachexia and undergo
progressive muscle wastage following tamoxifen induction but had no
differences in body weight prior to induction compared to controls.(Talbert et
al., 2019) Although not focussed on adipose tissue wastage, this study suggests

that KPC mice are not ideal models of cachexia.

Regarding the immune populations in adipose tissue, | found no significant
differences to bulk yd T cells, no changes to cytokine production, and no

preferential expansion of pro- or anti-tumour yo T cell subsets. Compared to
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published literature | observed similar enrichment of yé T cell populations in all
adipose tissue depots, and so the chronic inflammatory insults associated with
KPC tumourigenesis appear not to impact the adipose tissue-resident yo T
cells.(Kohlgruber et al., 2018) Given that yo T cells have been shown to promote
development of the Treg populations, | sought to confirm the impact of y0 T
cells on other adipose tissue immune cells. However, | found no significant
changes to the activation state, cytokine production, or proportions of CD4/CD8
T cells, and no changes to NK cell maturation or cytokine production in the
absence of yo T cells. This is in line with published data, as the increase of
adipose tissue yo T cells with age is concomitant with Treg cells, but not CD4* T
cells, CD8* T cells or NK cells. (Kohlgruber et al., 2018) Therefore, my findings
combined with published data indicates that yo T cells are dispensable for the
progression of cancer-associated cachexia, and that yd T cells do not exert a
significant effect on the major immune cell populations within the adipose tissue

niche, which is unaffected by tumourigenesis.

Next, | assessed the impact of yd T cells on immune cell populations in the
primary tumour TME and in the metastatic niche. The rationale for this approach
was due to previously published evidence that tumour-infiltrating yo T cells in
orthotopic KPC models directly restrain aB T cell activation through Galectin-9
and PD-L1 checkpoint ligation. (Daley et al., 2016) | have already confirmed that
IL-17A* yO T cells are capable of infiltrating into autochthonous KPC tumours,
albeit in fairly low numbers. However, in the absence of yo T cells | found no
significant differences to bulk proportions, activation state or cytokine
production of CD4/CD8 T cells in primary PDAC tissue or liver metastatic niche.
As previously mentioned, orthotopic KPC models have reduced tumour cell
heterogeneity and surgery induces inflammatory insults that confer greater
immune diversity during tumour development. (Lee et al, 2016) The models |
have used are spontaneous and display greater immune exclusion and reduced
immune activation — for example, IFN-y production by yd T cells in orthotopic
KPC models is roughly 30%, whereas IFN-y production from spontaneous KPC
tumour-derived y0 T cells were on average <5%. (Daley et al., 2016) Therefore,
the PDAC TME of spontaneous KPC mice is more representative of the immune-
suppressive environment in human PDAC, and so suggests that the directly

immune-suppressive function of yo T cells is less important in KPC mice than in
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orthotopic models. In short, my data demonstrates that yd T cells do not
promote aB T cell impairment, and their loss has no impact on the activation
state or cytokine production of PDAC-infiltrated CD4* and CD8* T cells in KPC

mice.

Interestingly, | found there was impaired production of IFN-y from mature
(CD11b*CD27) NK cells in KPC liver tissue, which was restored in the absence of
YO T cells. Additionally, | found that Granzyme B was also impaired in mature NK
cells in KPC liver, but the absence of y0 T cells did not restore Granzyme B
production, indicating a selective impairment of mature NK cell IFN-y production
by yO T cells. This is similar to findings in PDAC patients, which show normal
levels of circulating NK cells but have substantially impaired cytokine
production, notably IFN-y.(Marcon et al., 2020) Additionally, the impairment of
IFN-y in NK cells in gastric cancer has been associated with tumour size, tumour
invasion and metastasis, which further indicates that impairment of IFN-y* NK
cells may be central to PDAC metastatic disease. (Lee et al., 2017) | then
investigated if this phenotype was due to a either tissue-resident or circulating
NK cells, and if altered inhibitory receptor expression is responsible for this
observed phenotype. In short, | found no significant differences between
circulating and tissue-resident NK cells in KPC mice, and there were no
significant differences in activating (CD226) or inhibitory (CD96 and TIGIT)
receptors in either NK cell population. | also found no changes to cytokine (IFN-
Y, TNF-a or Granzyme B) production in the absence of y0 T cells. This suggests
that the TIGIT/CD226 axis is not the driver of IFN-y* NK cell impairment, which
is supported by the literature where CD226 (DNAM-1) is not impaired in PDAC
patients. (Marcon et al., 2020) Binding of TIGIT to activating ligand CD155 has
recently been implicated in PDAC, however, it appears to have more relevance
in the context of CD155* PDAC cells binding to TIGIT* CD8* T cells to restrain
their activation and drive immune suppression. (Freed-Pastor et al., 2021)
Interestingly, my findings indicate that NK cell-derived TNF-a should be further
investigated, as the absence of yo T cells in KPC;Tcrd=/~ liver tissue may
increase the production of TNF-a by both circulating (CD49a-DX5*) and tissue-
resident (CD49a*DX57) NK cells. TNF-alpha has been shown to synergise with IFN-
y to direct NK cell cytolytic killing, and so the TNF-a-producing capacity of
mature (CD11b*CD27-) NK cells should also be revisited. (Wang et al., 2012)
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To gain a more global understanding of the impact of yo0 T cells on both the
primary TME and metastatic niches, | utilised extensive IHC staining. To
summarise, | found that the absence of yd T cells leads to significantly reduced
NKp46 (NK cells) in KPC;Tcrd=’/~ liver, significantly reduced F4/80*
(macrophages) cells and increased Caspase 3 (apoptosis) in KPC;Tcrd=’— PDAC
tissue. The reduction of NK cells through IHC indicates that the loss of y0 T cells
results in fewer NK cells infiltrating the metastatic niche, but they display
greater anti-metastatic potential through significantly increased IFN-y
expression. Evidence in the literature demonstrates that human yd T cells can
upregulate the cytotoxic function of NK cells through direct contact and the
provision of costimulatory signals via CD137/CD137L.(Maniar et al., 2010) Thus,
the potential for direct cell-cell contact between yd T cells is a possible area of
future investigation, as my data indicates y0 T cells negatively regulate NK cell
function. Finally, the reduction observed in NKp46 IHC may also be explained
through NK cell location within the metastatic niche, as | observed a significant
accumulation of NK cells within the metastatic lesions of KPC mice, with NK cells
found throughout liver parenchyma to a lesser extent. Given the enrichment of
NK cells within metastatic lesions, the significant reduction in metastatic
incidence could explain the observations from NKp46 IHC, and so this connection

requires further study.

One major focus of this chapter was the investigation of yo T cell/myeloid cell
crosstalk within the primary tumour TME. | found that yo T cells preferentially
promote the expansion of F4/80*MHC II'® TAMs, and | found that PDAC TAM
populations in KPC mice consisted of >90% F4/80*MHC II'® TAMs on average.
F4/80*MHC II*> TAMs and F4/80*MHC 11" TAMS are more evenly balanced in
orthotopic KPC models (46.4% and 53.6%, respectively), and so my findings
indicate that F4/80*MHC II'° TAMs are significantly more dominant in
autochthonous KPC models. (Zhu et al., 2017) Depletion of F4/80*MHC Il
(previously defined as embryonic-derived) macrophages has been shown to result
in delayed tumour progression and reduced PDAC cell proliferation; embryonic-
derived TAMs also produce greater amounts of collagen and display higher
expression of genes associated with ECM remodelling and pro-fibrotic responses
within the PDAC TME.(Zhu et al., 2017) Despite reductions of F4/80*MHC lI'°
TAMs in KPC;Tcrd=/— mice (92% to 68%), | observed no delay to tumour
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progression, no reductions in PDAC cell proliferation, and no change to fibrosis
within the PDAC TME. This indicates that whilst y& T cells can contribute to the
expansion of the F4/80*MHC 11> TAM populations, they do not contribute to the
stromal reaction. | then looked to elucidate the kinetics of TAMs in PDAC
progression, and so assessed TAMs and PDPN* CAF infiltration at 6wk and 10wk
timepoints. However, | found no significant differences to these populations
between KPC and KPC;Tcrd~/~ mice. The lack of any change to PDAC progression
and no significant differences to either TAMs or PDPN* CAFs in early timepoints,
suggests that the impact of yo T cells on embryonic TAMs and PDPN* CAFs is not
significant until late-stage disease. Therefore, if y0 T cells are not important util
late-stage disease, this may indicate a role in enhancing metastatic potential in
established tumours. However, the lack of changes to tumour stroma,
differentiation status and PDAC cell proliferation does not reveal an obvious
mechanism that potentiates metastasis, and so the mechanism is currently
undefined and requires further investigation. This could include strategies to
determine if there is decreased EMT in KPC;Tcrd~/— PDAC tissue, if PDAC cells
from KPC;Tcrd~/— mice have reduced invasive potential or through assessing if

the number of circulating tumour cells is reduced in KPC;Tcrd—/— mice.

Finally, | looked to further elucidate the connection between yo T cells, TAMs
and CAFs. | first investigated the systemic cytokine/chemokine signals within
KPC and and KPC;Tcrd~/~ serum, and then looked to identify differentially
expressed genes through bulk RNA-Seq to gain an understanding of the
differences between the TME of KPC and KPC;Tcrd~/— PDAC. There were no
significant changes to any chemokine/cytokine signals between KPC and
KPC;Tcrd—/~ serum, which indicates that the observed changes to macrophages
and PDPN* CAFs are not driven by a systemic signal from yd T cells. This further
confirms that yo T cells do not exert their pro-tumour function in a systemic
manner in PDAC, unlike in breast cancer metastasis. Given the observed
reduction in TAMs and PDPN* CAFs in KPC;Tcrd—/~ PDAC, and the lack of systemic
chemokine/cytokine signals, | hypothesised that yd T cells may promote TAMs
and CAFs through a niche-specific signal. In human PDAC, yd T cells have been
observed proximal to PSCs, and high levels of yd T cells are associated with
increased expression of ECM-related genes and the production of pro-tumour IL-6
from PSCs. (Seifert et al., 2020) Thus, | hypothesised that yo T cells may
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preferentially have an impact on iCAFs, which are the CAF subpopulation
responsible for IL-6 production. (Biffi et al., 2019, Ohlund et al., 2017)
Additional data from the literature further supported that the induction of IL-6
from PSCs is attributable to iCAFs. Single cell transcriptomic analysis of tumour-
derived fibroblasts detailed that CAFs from mammary tumours can cluster into
six different subtypes, with iCAFs identifiable through enrichment of /{33, 116,
Ccl7, Cxcl1 and Cxcl12 transcripts. iCAFs also had a strong association with
surface markers PDPN and Thy1, indicating that iCAFs could be identified
through expression of PDPN and IL-6 production. (Sebastian et al., 2020)
Furthermore, IL-17A* yO T cells have been shown to mediate the production of
IL-33 from PDPN* stromal cells in adipose tissue. (Kohlgruber et al., 2018)
Finally, IL-33 production from CAFs has been implicated in the polarisation of
TAMs, which is followed by MMP9 production to aid in metastatic dissemination.
(Andersson et al., 2018) Thus, | hypothesised that PDAC-infiltrating yo T cells
can preferentially promote iCAF populations to shape the TME inflammatory
niche. However, from my bulk RNA-Seq data | found that gene expression of
markers associated with iCAF behaviour (Ccl11, 1133, Il11 and Ccl7) were instead
significantly upregulated in KPC;Tcrd=/~ PDAC, proving my hypothesis to be
incorrect. Additionally, IL-33 protein analysis by western blot further indicates
that yo T cells do not influence iCAFs, as IL-33 protein levels may increase in
KPC;Tcrd—/~ PDAC. Finally, additional evidence from the literature indicates that
PDPN cannot be utilised as a standalone marker for iCAFs, as PDPN* TAMs
constitute roughly 30% of the TAM population in orthotopic 4T1 breast

tumours. (Bieniasz-Krzywiec et al., 2019) Additionally, F4/80*MHC II'°® TAMs were
found to be positive for PDPN, and F4/80*MHC II" TAMs were largely negative —
suggesting that embryonic-derived TAMs may also be a significant PDPN*
population within PDAC tumours. Finally, deletion of PDPN in TAMs in orthotopic
4T1 breast cancer models also impairs metastasis. (Bieniasz-Krzywiec et al.,
2019) To conclude, this evidence suggests that yo0 T cells do not influence iCAF
activity; and that future focus should instead be on the influence of yo T cells on
embryonic-derived (F4/80*MHC II'°PDPN*) TAMs, and on uncovering their role in

metastatic dissemination.



Chapter 6 Discussion

6.1 Data Summary

have demonstrated that yo T cells play a crucial role in metastatic
dissemination in mouse PDAC, and their absence leads to a reduction in
spontaneous liver metastasis incidence by more than 50%. The evidence | have
shown suggests that this is not due to a delay in tumour progression, as yo T
cells display a redundant role in driving PanIN progression, and their absence in
KPC;Tcrd~/— mice does not delay primary tumour progression or enhance
survival. Within the metastatic niche, yd T cells impair the production of IFN-y
from mature (CD11b*CD27-) NK cells, but whether this impairment is enough to
enable metastatic colonisation has not yet been confirmed, and so requires
further investigation. Previously in the literature, yo T cells have directed pro-
metastatic mechanisms through the production of systemic cytokine signals, but
my data does not support this. Instead, | have shown that yd T cells exert pro-
tumour function in a TME-specific manner through the impairment of embryonic-
derived (F4/80*MHC 11'°) macrophages. Crucially, my data has been gathered
from the gold standard autochthonous KPC mouse model and contradict findings
from orthotopic KPC models. More specifically, | have demonstrated that IL-17A*
YO T cells infiltrate the PDAC TME, but do not impact the activation state of
intra-tumoural aB T cells. These findings detail a novel crosstalk between yo T
cells and a specific population of TAMs; however, more investigation is required
to elucidate the underlying mechanism facilitating this crosstalk and the role

this plays in directing metastasis.

6.2 Final Discussion

6.2.1 Phenotyping yo T cells in KPC mice.

The first major finding of chapter 3 was that yd T cells are capable of infiltrating
into the PDAC tumour; although, this was not observed to any significant level
until after 10 weeks. This was first observed through RNAscope analysis and
further analysis via flow cytometry attributed this to a significant increase in the
IL-17A* yO T cell population. Crucially, this finding confirmed that whilst yo T
cells are capable of infiltrating primary PDAC tissue, they constitute a small

proportion of the CD3* T cell population. In breast cancer, yd T cells exert their
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pro-metastatic function through the release of IL-17A, which mediates a
systemic increase in G-CSF production to promote the expansion and polarisation
of immune-suppressive neutrophils, which then suppress anti-metastatic CD8* T
cells to facilitate metastatic dissemination. (Coffelt et al., 2015) My findings
indicate that the influence of yo T cells in PDAC may be niche-specific owing to
their infiltration, which is the opposite to what has been observed in breast

cancer, where yo T cell infiltration into tumour tissue is negligible.

Whilst investigating Vy chain usage in KPC mice, | observed a significant
expansion of the Vy6*Vd6.3* subset in the spleen of KPC mice, and that they
produce significantly more GM-CSF than WT controls. GM-CSF is an important
granulocyte-stimulating cytokine that correlates with increased infiltration of
pro-tumour myeloid cells in human PDAC. (Saka et al., 2020) This presents a
potentially unique phenotype, as the Vyé* subset normally pairs with Vo1* to
produce IL-17A, and the Vy1* subset is normally associated with Vd6.3* and the
production of IFN-y. (Dalton et al., 2004, Silva-Santos et al., 2015) This
phenotypic switch was only observed within KPC spleen and was not observed in
KPC liver tissue, indicating that tissue-tropism within the KPC model may
influence the expansion of specific Vy subsets. Vy subset domination is observed
in other cancer GEMMs; in breast cancer the production of IL-17A is attributable
to Vy4* yo T cells, and in ovarian cancer the production of IL-17A within the
tumour is attributable to CD27- Vy6* yo T cells. (Coffelt et al., 2015, Rei et al.,
2014) Current evidence indicates that IL-17A production by yo T cells in
orthotopic KPC models is attributable to intra-tumoural Vy4 cells, but no
indication of the role of Vyé6* yo T cells. (Daley et al., 2016) Due to time
constraints and restrictions resulting from the COVID-19 pandemic, | would have
liked to confirm if the infiltration of y& T cells in KPC tumours is due to either
Vy4* or Vy6* cells, as the expansion of Vy6*Vd6.3* cells in KPC spleen leads me
to hypothesise that IL-17A* Vyé6* T cells would predominate within the PDAC
TME. This could be studied in two ways; firstly, further phenotyping of yo T cells
from endpoint KPC PDAC tissue by flow cytometry would identify the dominant
Vy subset in KPC mice. Secondly, as seen in Daley et al., | could utilise a Vy4
depleting antibody in KPC mice to confirm if Vy4* y& T cells were responsible for
the production of IL-17A within the PDAC TME. (Daley et al., 2016) | would also

have liked to confirm if GM-CSF production is also observed in PDAC-infiltrated
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Vy6* yO T cells. Recently, GM-CSF has been shown to be indispensable for the
polarisation and maintenance of alveolar macrophages. (Draijer et al., 2019,
McCowan et al., 2021) Additionally, tumour cell-derived GM-CSF has been shown
to drive the recruitment of suppressive myeloid cells to PDAC TME, which in turn
impairs anti-tumour immunity and enhances PDAC tumour growth, indicating a
role for monocyte-derived macrophages in response to GM-CSF. (Bayne et al.,
2012) Thus, | would have looked to establish if a specific subset of yo T cells
(either Vy4* or Vy6*) can produce GM-CSF within the PDAC TME, as the potential
to shape the myeloid compartment may contribute to metastatic disease.
Finally, evidence within the literature has demonstrated that PDAC-infiltrated
YO T cells are capable not only of producing pro-tumour IL-17A but also the
potent immune-regulatory cytokine IL-10. To achieve this | would have further
interrogated yo T cell cytokine production in the TME by flow cytometry, in
particular the production of immune-modulatory cytokines, as the presence of
IL-10 is a well-documented aspect of the TME that drives polarisation of pro-

tumour TAMs. (Daley et al., 2016, Arango Duque and Descoteaux, 2014)

To investigate the potential cytokines produced by yo T cells in KPC mice, |
sorted yo T cells from liver and spleen tissue of WT and KPC tumour-bearing
mice and employed bulk RNA-Seq. The technical limitations of isolating yo T
cells from KPC PDAC have been discussed, but the low number of yo T cells that
could be isolated from tumour-free pancreas and KPC tumours would have
resulted in inefficient read counts. However, | found that yo T cells in both KPC
liver and spleen have significant expression of Cclé and Ccl9 genes, which recruit
pro-tumour myeloid cells through CCR1 to promote tumour invasion and have
also been implicated in metastatic dissemination of colorectal cancer. (Kitamura
et al., 2007) Given more time, | would have validated these findings by flow
cytometry, and looked to identify the production of CCL6/CCL9 by yo T cells in
the PDAC TME. The function of CCL6/CCL9 in KPC mice could also be assessed
through blockade of CCR1 signalling to determine their impact on myeloid cell

recruitment to the TME and if this influences metastasis.

To summarise, in chapter 3 | have been able to determine that PDAC-infiltrating
YO T cells exhibit an immune-suppressive and pro-tumour phenotype through the
expression of IL-17A in primary PDAC tissue. Additionally, | have shown that the
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Vy6Vd6.3* population is expanded in the spleen of KPC mice. Further
investigation is required to confirm Vy chain subset expansion in PDAC tissue,
determine the Vy subset production of IL-17A and GM-CSF within the TME, and
uncover if a specific Vy chain subset contributes to tumour progression and

metastasis.

6.2.2 The role of yo T cells in PDAC progression.

In chapter 4 | was able to show that y& T cells play a crucial role in PDAC
metastasis, as KPC;Tcrd~’~— mice have reduced metastatic incidence (16.2%)
compared to KPC mice (38.46%) Additionally, | demonstrated that this reduction
in metastasis was not due to delayed tumour progression, as the absence of yo T
cells did not significantly delay PanIN development or PDAC-specific survival of
KPC;Tcrd~/~mice. Established literature has previously investigated the impact
of Y8 T cells in spontaneous KC;Tcrd—/~ mice and in orthotopic KPC models
implanted into Tcrd~/~ hosts; both of which demonstrated that the absence of
YO T cells was conferred a significant survival benefit. (Daley et al., 2016) My
evidence from this study contradicts the established literature and demonstrates
that although yo T cells play a significant role in metastatic disease, they are
dispensable for primary tumour progression. There are several reasons that may
explain my findings; firstly, the Tcrd™™om targeted deletion results in the global
loss of all yo T cell populations. As previously described, yd T cell subset
classification reveals specific subsets that have differential y chain usage and
effector function. In short, Vy5* (DETCs) cells produce IFN-y, Vy6* cells are
major sources of IL-17A, Vy4* cells produce IL-17A and IFN-y, and finally Vy1*
cells produce IL-17A and IFN-y. (Prinz et al., 2013, Ribot et al., 2021) Thus,
although considered the gold standard PDAC GEMM, the KPC;Tcrd~/— model is
less than optimal as it ablates both pro-tumour IL-17A* and anti-tumour IFN-y*
YO T cells — and the loss of anti-tumour yd T cells may negate any potential
benefit when pro-tumour yd T cells are absent. However, the KPC;Tcrd~/— model
has still confirmed that y T cells are indispensable for metastatic
dissemination, and that yo T cells are the dominant IL-17A* population in the
PDAC TME. Previous studies have concluded that IL-17A production within the
PDAC TME is contributed evenly from yd T cells and CD4* Th17 cells. McAllister
et al. show that only 10% of CD4* Th17 cells in the KC™st' model produce IL-17A,
but that 50% of y& T cells produce IL-17A, which balances out their differential
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commonality within the TME. (McAllister et al., 2014) In the autochthonous KPC
model, my findings are even more dramatic as | found that >20% of yo T cells (3%
of CD3* T cells) are IL-17A*, contrasting to <1% of CD4* T cells (40% of CD3* T
cells). However, in response to y0 T cell absence, the production of IL-17A from
CD4* Th17 cells does not change and suggests that Th17 cells do not fill the
niche left behind by IL-17A* yo T cells.

The global ablation of yo T cells is a major caveat of this model and is too blunt
a tool to determine if specifically, the pro-tumour IL-17A* y& T cells alone can
drive metastasis. Therefore, given more time | would have investigated the
impact of specific genetic ablation of the IL-17A* y8 T cells, namely the Vy4* and
Vy6* subsets. To explore this, | have crossed KPC mice with Vy4/6~'— mice
(provided by Rebecca O’Brien) which are currently ageing to determine if the
loss of specifically the Vy4/6 (IL-17A*) compartment will confer a survival
benefit and reduce metastasis. Due to the COVID-19 pandemic, | was forced to
maintain only breeding pairs for this colony and was unable to generate KPC
tumour-bearing mice deficient for Vy4/6 cells (KPC;Vy4/6='~) for a considerable
period of time. My intention was to perform survival analysis, score for
metastatic incidence, and determine how loss of the Vy4/6 cells impacts both
immune cell activation and the macrophage compartment. However, delays due
to the impact of the pandemic meant | was unable to perform these
experiments. This is a crucial aspect of PDAC biology that must be pursued
further, as various studies have linked pro-tumour IL-17A function to Vy4* and
Vy6* yo T cells in breast/orthotopic KPC and ovarian cancer GEMMS,
respectively. Therefore, elucidating if the PDAC-infiltrating IL-17A* yO T cells
are dominated by a specific Vy chain subset, and linking the pro-tumour subset

to metastatic dissemination and myeloid cell crosstalk, is of utmost importance.

6.2.3 The impact of y0 T cells in the primary tumour TME and the
metastatic niche.

In chapter 5 | sought to investigate the impact that yo T cells have on the
primary tumour TME and in the liver metastatic niche, with the aim of
understanding yo T cell-driven immune cell crosstalk and deciphering the yo T

cell driven mechanism that potentiates PDAC metastasis.
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The first part of chapter 5 focused on the role of yé T cells in cancer-associated
cachexia, and if the presence of y& T cells accelerates cachexia and alters the
immune landscape within the adipose tissue niche. y0 T cells are enriched in
adipose tissue and they promote the expansion of Tregs within the adipose tissue
niche; therefore, | hypothesised that if yd T cells promote cachexia in KPC mice,
this may be due to alterations to activation state and cytokine production from
adipose tissue immune cells. (Kohlgruber et al., 2018) My findings demonstrate
that the absence of yo T cells does not impact adipose tissue wastage in
KPC;Tcrd~/— mice, and there are no significant alterations to immune cell
populations in SUbAT, EpiAT or BrAT in the absence of y0 T cells. One limitation
to this approach was the restriction to adipose tissue, and it would have been
interesting to explore other indicators of cachexia, such as hindlimb muscle
(tibialis anterior, quadriceps and gastrocnemius) mass and cardiac muscle mass.
(Talbert et al., 2019) Another route could have been to measure white adipose
tissue browning; this is a process that occurs during the early stages of cachexia
where brown adipose tissue deposits form in white adipose tissue and is driven
through inflammatory IL-6. (Petruzzelli et al., 2014) This is identifiable through
IHC staining for uncoupling protein 1 (UCP1), which drives a metabolic switch
from energy storage to energy expenditure; this would explore a an early
timepoint in cancer-associated cachexia and would determine if y& T cells
contribute to metabolic homeostasis in early KPC cachexia rather than end-stage
tumourigenesis. Elucidating the underlying mechanisms of cachexia would
benefit patients, as it is a major disease co-morbidity. Current therapies include
pancreatic enzyme replacement therapy (PERT), which restores normal digestive
function, enhances survival and alleviates symptoms associated with
malnourishment and cachexia.(Trestini et al., 2021) However, PERT is not
routinely prescribed to PDAC patients in the UK, so further elucidating the
underlying mechanisms of PDAC cachexia would enable the development of new

regimens that could supplement current therapies. (Landers et al., 2016)

The next major aim of this project was to ascertain whether yd T cells can
influence the activation state of immune cells in KPC mice, after | confirmed IL-
17A* yO T cells infiltrate the PDAC TME. My findings are in direct contradiction to
Daley et al., as the impact of yd T cell absence did not change the activation

state or cytokine production of intra-tumoural aB T cells. (Daley et al., 2016)
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The mechanism proposed by Daley et al. detailed that tumour-infiltrating y0 T
cells mediated immune suppression through Galectin-9 and PD-L1 expression,
which directly impaired the activation and anti-tumour function of CD4*/CD8* T
cells. Given the lack of any change to aB T cells in KPC;Tcrd~/— mice, | did not
assess the expression of checkpoint ligands, but in retrospect it would have been
informative to establish if PDAC-infiltrated IL-17A* yO T cells expressed immune
checkpoint ligands such as PD-L1, Galectin-9 or CTLA-4 in KPC mice.

Compared to orthotopic KPC models, | observed similar proportions of bulk CD4*
and CD8* T cells (60% and 20% of CD3* cells, respectively) and similar levels of
IFN-y production from CD4* and CD8* T cells (roughly 10% and 20%, respectively)
in my spontaneous KPC model. (Daley et al., 2016) This implies yo T cells in
spontaneous KPC mice have either distinct function or restrained activity
compared to orthotopic models. This could be due to the spontaneous nature of
the KPC model which strongly recapitulates the TME of human PDAC, in
particular the evolution of immune escape variants and the progressive
development of the dense desmoplastic stroma. (Westphalen and Olive, 2012) In
comparison, orthotopic KPC mice have significantly reduced tumour
heterogeneity due to in vitro passaging, and the combined impact of peri- and
post-operative inflammatory insults may directly alter the ability of the immune
system to mount an effective anti-tumour response following checkpoint
blockade. (Lee et al., 2016) Alternatively, the suppression of aB T cells may be
driven through entirely different populations within the TME; for example,
cancer-associated fibroblasts (CAFs) can upregulate immune checkpoint receptor
on CD4* and CD8* T cells.(Ware et al., 2020) CAFs derived from human PDAC also
demonstrate upregulated PD-L1, but preferentially upregulate checkpoint
receptors on CD4* and CD8* T cells through soluble mediators such as
prostaglandin E; (PGE2) rather than through direct contact.(Gorchs et al., 2019)
Given this information, the expression profiles of checkpoint receptors such as
PD-1, CTLA-4 and TIM-3 on aB T cells should be assessed, along with the
corresponding ligands on CAFs. This would determine if aB T cell activity in
spontaneous KPC mice is restricted in a different manner than by yé T cells, as

seen in orthotopic models.
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However, an interesting phenotype found by flow cytometry was the increased
production of IFN-y from mature (CD11b*CD27-) NK cells in liver tissue from
KPC;Tcrd~/— mice. This indicates that yo T cells can influence the production of
anti-tumour cytokines from NK cells in the metastatic niche, however this was
not due to a change in activating (CD226) or inhibitory (TIGIT and CD96) receptor
expression, or through preferential expansion of circulating or tissue-resident NK
cells by yo T cells. Furthermore, IHC staining for NKp46 shows that NK cells are
less abundant in the liver metastatic niche of KPC;Tcrd=/— mice. Therefore,
despite being less numerous in the KPC;Tcrd=/~ niche, NK cells appear to have
greater potential for immune activation, which may promote the reduction in
metastasis. Interestingly, | observed that NKp46 staining in liver tissue appeared
enriched within metastatic lesions compared to liver parenchyma, and so the
reductions in NKp46 staining may be explained through the corresponding
reductions in metastasis incidence in KPC;Tcrd~/— mice. This data has not been
shown as it is merely a recent observation that has not yet been quantified.
Thus, NK cells may be important anti-metastatic cells in murine PDAC, owing to
their increased IFN-y production, enrichment in liver metastatic lesions, and
their reduced frequency in KPC;Tcrd=/~ that correlates with reduced metastasis.
To confirm if the reduced metastasis in KPC;Tcrd=/— mice is driven through NK
cells, KPC;Tcrd~/~ could be treated with anti-NK1.1 antibody to selectively
deplete NK cells once palpable tumours have been established. The impact of NK
cell depletion could then be assessed through scoring of metastatic incidence
once clinical endpoint has been reached, and then determine if metastatic

incidence is restored to KPC levels.

The most important finding of chapter 5 is the connection between yo T cells
and tumour-associated macrophages (TAMs). To summarise, reductions in F4/80
IHC staining first indicated that TAMs are significantly reduced in KPC;Tcrd=/~
PDAC TME, and was then confirmed by flow cytometry showing macrophages
(F4/80*CD11c™) were significantly reduced. Additionally, there was also a
significant increase in the number of Ly6C* macrophages (F4/80*CD11¢™) and
monocytes (Ly6C*Ly6GF4/80-CD11c™) in KPC;Tcrd—/~ PDAC TME. This first
indicated a potential impairment of monocyte differentiation in the absence of
YO T cells. Further exploration then revealed the majority of TAMs in KPC PDAC

TME are classified as F4/80*MHC II'° macrophages, with only a small proportion
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of the TAM niche consisting of F4/80*MHC II" macrophages. Crucially, the
absence of yd T cells in KPC;Tcrd=/~ PDAC significantly increases MHC II"
macrophages at the expense of the MHC II'° macrophage population — indicating
that yO T cells preferentially expand the MHC 11> macrophage compartment in
KPC PDAC. This finding is particularly significant, as it not only reinforces the
established literature that macrophages are fundamental to PDAC
tumourigenesis but that yo T cells preferentially promote a subset of TAMs. The
current literature has detailed that F4/80*MHC II'*° TAMs can develop from Flt3~
precursors, potentially alluding to a connection between yé T cells and what
have been referred to as embryonic-derived TAMs. However, more investigation
is needed to fully elucidate the true nature of the F4/80*MHC II'° subset.

To elucidate the potential connection between yo T cells and monocyte-derived
TAMs in PDAC, and how this promotes progression, | have crossed KPC;Tcrd—/—
mice with mice deficient for chemokine receptors CCR1, CCR2, CCR3 and CCR5
(iCCRs) (KPC;iCCR~/7). During inflammation, the induction of monocyte
recruitment is controlled by the iCCRs, and deletion of the iCCRs results in
significant reduction of Ly6C*CD11b* circulating monocytes, and significantly
impaired recruitment of monocytic cells during acute inflammation. (Dyer et al.,
2019) The initial aim is to age KPC mice that are deficient for both yo T cells
and circulating monocytes (KPC;Tcrd=/—;iCCR~/~), and determine the impact that
combined loss of these two cell populations has in KPC mice. | hypothesise that
KPC;Tcrd—/—;iCCR~/~ mice will display similar phenotypes and survival to
KPC;Tcrd~/— mice, as both orthotopic models and my findings show F4/80*MHC
lI'> TAMs are important to PDAC progression.(Zhu et al., 2017) An additional
route to investigating the macrophage compartment could be through a fate-
mapping approach, for example resident macrophages such as Kupffer cells,
Langerhan’s cells and alveolar macrophages are derived from CX3CR1*Flt3~
progenitors despite not expressing the chemokine receptor, and monocyte-

derived macrophages develop from CX3CR1-Flt3* progenitors. (Yona et al, 2013)

However, the loss of yd T cells only reduces the proportion of MHC [l

macrophages in the TME from 91% to 67%, so the niche is not completely ablated
by the absence of y6 T cells. This suggests that MHC II'° TAMs are at least partly
maintained through some other signal within the TME. Additionally, despite MHC
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lI'> TAMs having greater pro-fibrotic function and displaying increased expression
of fibrosis-associated genes in the literature, | see no changes to the local TME in
terms of collagen deposition or changes to a-SMA* fibroblasts. (Zhu et al., 2017)
Instead, | then hypothesised that yo T cells may also influence the inflammatory
niche through iCAF stimulation, as PDPN IHC was significantly reduced in
KPC;Tcrd—/— PDAC. My reasoning behind iCAFs was thus; yo T cells mediate IL-6
production from PSCs and iCAFs are identifiable through IL-6 production along
with IL-33, CCL7, CCL11 and CXCL1 and through surface expression of PDPN;
also, IL-17A* yo T cells have been shown to promote IL-33 production from PDPN*
stromal cells in adipose tissue; and finally, IL-33 production has been implicated
in TAM-driven metastasis. (Seifert et al., 2020, Sebastian et al., 2020,
Kohlgruber et al., 2018, Andersson et al., 2018) However, my findings from
RNAseq and western blot analysis revealed that iCAFs genes were significantly
upregulated and IL-33 protein may even be increased in KPC;Tcrd=/— PDAC.
Furthermore, MHC 11'° TAMs have been described as PDPN* in 4T1 breast cancer
models, which may explain the reduction in PDPN staining in KPC;Tcrd=/~ PDAC.
However, | would have liked to further investigate this to ascertain if PDPN*
TAMs exist in the KPC mice. This could be achieved initially through flow
cytometry to identify F4/80*PDPN* cells in the PDAC TME, and compare their
presence between KPC and KPC;Tcrd—/~ mice; or through immunofluorescence to
visualise F4/80 and PDPN co-localisation within the PDAC TME. Further evidence
has shown that fibroblasts in KPC mice are in part contributed by bone marrow-
derived cells, as KPC mice that undergo bone marrow engraftment with GFP*
cells display a significant proportion of GFP*a-SMA* and GFP*PDPN* cells in KPC
pancreas.(lwamoto et al., 2021, Watt and Morton, 2021) However, there was
also evidence of GFP* F4/80*PDPN* cells in KPC pancreas, suggesting that MHC

II" TAMs may also exhibit an F4/80*PDPN* phenotype. (lwamoto et al., 2021,
Watt and Morton, 2021) Thus, the exact connection between CAFs and TAMs
requires further investigation, as does identifying the expression of CAF markers

by TAM populations.

The importance of understanding the role of TAMs in PDAC tumourigenesis is
reinforced when one considers the number of clinical trials that are currently
underway to target TAM populations. One example is the inhibition of Bruton’s

tyrosine kinase (BTK), which has gathered notice due to its promotion of pro-
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tumour macrophage function.(Weber et al., 2017) More specifically, the
inhibition of BTK function by PCI32765 (Ibrutinib) in orthotopic PDAC models
results in reduced TAM polarisation along with increased CD8* T cell activity and
suppressed PDAC tumour growth. (Gunderson et al., 2016) BTK inhibition has
recently been tested in a phase lll clinical trial, where BTK inhibitor in
combination with nab-paclitaxel and gemcitabine standard of care regimens was
compared against placebo with nab-paclitaxel and gemcitabine in metastatic
PDAC (NCT02436668).(Duan and Luo, 2021) This trial was completed in
December 2020, however there were no significant differences in overall survival
between Ibrutinib and placebo groups, with a median survival of 9.7 and 10.8
months and progression-free survival or 5.3 and 6 months, respectively.
(Tempero et al., 2021) Other clinical trials are focussed on M-CSFR inhibition,
which leads to reductions in established tumour and improves survival in
spontaneous KPC mice and sensitises orthotopic mice to checkpoint blockade.
(Candido et al., 2018, Zhu et al., 2014) In the clinic, M-CSFR inhibition
(pexidartinib) in combination with anti-PD-L1 therapy (durvalumab) has been
tested in an ongoing Phase | trial for advanced/metastatic PDAC (NCT02777710).
(Benner et al., 2020) Finally, numerous Phase Il clinical trials are ongoing to
assess the impact of combination therapies with CCR2 inhibitors in pancreatic
cancer (NCT3184870, NCT03496662 and NCT03767582), further reinforcing the

current focus on targeting TAM populations in PDAC patients.

6.2.4 Concluding remarks.

To summarise, the data presented in this thesis has revealed that yo T cells play
a central role in PDAC metastasis, as their absence results in the reduction of
metastatic incidence by over 50%. Additionally, | have identified a connection
between yo T cells and TAMs, more specifically the embryonic-derived TAM
populations. These findings present a novel crosstalk between yd T cells and
TAMs in murine PDAC and is an interaction that may potentiate the metastatic
potential of PDAC. However, further investigation is required to elucidate the
underlying mechanism connecting yo T cells and TAMs, and if this indeed
promotes metastasis. Understanding the connection to macrophages is crucial,
as there are numerous clinical trials trying to target TAMs to provide real clinical
benefit to patients, and so further investigation into the mechanism is of the

utmost importance.
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