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Downregulation of Major Histocompatibility Complex (MHC) molecules is often key to evasion of
the immune system by tumours and viruses. Transmissible cancers transmit between individuals,
in a manner akin to a metastatic event, providing a unique opportunity to study the evolution of
MHC loss in the face of selective pressure from the immune system. Tasmanian devils are infected
with two genetically distinct transmissible cancers which transmit via biting behaviours. Devil
Facial Tumour Disease (DFT1) emerged over 25 years ago and has spread across most of
Tasmania, while DFT2 was identified in 2014 and is still limited in geographical range. In contrast
to DFT1, which has epigenetically downregulated MHC class | expression, DFT2 tumours express
MHC class | molecules, but recent evidence shows some DFT2 tumours have lower MHC class |
expression, suggestive of evolving immune escape by this cancer. In this thesis, | investigate how
MHC expression is changing in DFT2 as it spreads through the population and encounter hosts
with disparate MHC class | genotypes, and how non-classical MHC class | molecules may be
modulating immune escape by DFT1.

DFT1 (n=76) and DFT2 (n=34) tumour biopsies were stained by immunohistochemistry (IHC)
for classical MHC class | molecules, and non-classical, Saha-UD and Saha-UK. An expression score
was generated using semi-automated image analysis to quantify IHC staining. To investigate host
immune responses to MHC class | expression, tumours were also stained for IFNy (DFT1, n=51;
DFT2, n=25) and CD3 (DFT1, n=42; DFT2, n= 20). Two antibodies previously generated in our lab
were validated for use in this thesis, Saha-UD (a-UD_14-37-3) and IFNy (a-IFNy_13-44-6). Hosts
(n=10) were genotyped using deep sequencing at three classical MHC class | loci to study whether
mismatch between host and tumour drives MHC class | loss in DFT2.

In this thesis | have confirmed classical MHC class | expression is highly variable among DFT1
and DFT2 tumours. In DFT2, classical MHC class | expression correlated with IFNy expression,
therefore it’s expression in DFT2 may be immunogenic. However, there was no correlation
between classical MHC class | expression and host-tumour mismatch. A ubiquitous and likely fixed
allele, Sahal*27, is expressed within the population and DFT2 cells, which may assist DFT2
immune evasion. In DFT1, the finding of classical MHC class | expression in primary tumours is
surprising and challenges our understanding of immune escape by DFT1, as it was presumed all
DFT1 tumours had downregulated MHC class | from the cell surface. For the first time, non-
classical, Saha-UD expression has been confirmed in DFT1 tumours. Interestingly, DFT1 tumours
are heterogeneous for expression of non-classical, Saha-UD and Saha-UK, and their expression is
positively correlated with classical MHC class | expression. Therefore, their expression may be
immunosuppressive, to prevent host immune activation.

These results demonstrate that DFT2 is evolving immune evasion mechanisms as it transmits
between individuals in the population, with the potential for more rapid dispersion if MHC-
negative subclones gain dominance. Expression of a dominant MHC class | in the population likely
facilitates DFT2 spread in this area. While non-classical Saha-UD expression by DFT1 tumours in
vivo may be a mechanism for immunosuppression, further work is needed to characterise its
ligand on immune cells. This data can be used to inform more effective management of the
population and vaccine design. Further, this study provides a platform to investigate the
mechanisms behind MHC loss in a cancer under sustained pressure from the immune system.
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Chapter 1 Introduction

1.1 Cancer evolution

Cancer is caused by cellular mutations leading to uncontrolled cell growth and is a common
occurrence in multicellular organisms. Most cancers emerge and remain in a single individual,
which are termed ‘somatic cancers’ in this thesis. However, some cancer cells have gained the
ability to survive outside of their original host and transmit among a population, like a pathogen,
termed transmissible cancers. Transmissible cancers should be recognised by a mammalian
immune system due to differing major histocompatibility complex (MHC) molecules on the cell
surface, and thus represent a valuable phenomenon for the study of cancer evolution and

immunology as they avoid the immune systems of multiple hosts.

Broadly, there are requirements that all cancer cells need to fulfil to survive and progress. These
requisites are summarised by the Hallmarks of Cancer (Hanahan, 2022; Hanahan and Weinberg,
2011, 2000), illustrated in Figure 1.1. The original hallmarks defined in 2000 (Hanahan and
Weinberg) included 6 conditions: resisting cell death, sustaining proliferative growth, evading
growth suppressors, inducing angiogenesis, enabling replicative immortality, and activating
invasion and metastasis. Two additional hallmarks were proposed in 2011, reprogramming
cellular metabolism and avoiding immune destruction. Along with the hallmarks, ‘enabling
characteristics’ were defined, which are overarching mechanisms that support the development
of cancer’s functional traits (hallmarks); these were genome instability and mutation (2000), and
tumour-promoting inflammation (2011). Further hallmarks and enabling characteristics were
proposed in 2022, unlocking phenotypic plasticity and senescent cells for the former, and non-

mutational epigenetic reprogramming and polymorphic microbiomes for the latter; while the

The continual modification of the Hallmarks of Cancer highlights the development in our
understanding of how cancer operates and progresses. Particularly with regard to the role of the
immune system, with ‘avoiding immune destruction’ and ‘tumour-promoting inflammation’
proposed and confirmed in later publications (Hanahan, 2022; Hanahan and Weinberg, 2011). The
ability of cancer cells to evade the immune system is the central topic of this thesis and will be the

focus going forward.
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Figure 1.1 Hallmarks of cancer

The hallmarks of cancer and enabling characteristics that apply to all cancer cells,
first put forward by Hanahan and Weinberg in 2000 (shown in blue). Additional
hallmarks were proposed by Hanahan and Weinberg in 2011 (in green) and by
Hanahan in 2022 (purple), though the latter have yet to be validated by further

studies. Figure was adapted from Hanahan (2022). Created with BioRender.com.

1.1.1 Cancer immunoediting

The immune system is an important driver of cancer evolution. The immune system can detect
cancer cells, largely due to their high mutational burden via peptide presentation by MHC class |
molecules, which often results in cell killing, such as cytotoxic killing by CD8+ T cells. As a result,
recognition of cancer cells by the immune system provides a selective pressure for the
development of immune escape mechanisms by the cancer. This is described by the theory of
immunoediting (Dunn et al., 2004, 2002; Schreiber et al., 2011), consisting of 3 stages:
elimination, equilibrium, and escape (explained below and illustrated in Figure 1.2). One of these
immune escape mechanisms is MHC class | loss, to prevent recognition of cancer cells. Recently,

more detailed mechanisms of how MHC class | loss occurs during clonal evolution of cancer has
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been elucidated, aided by detailed sequencing projects on primary cancers (McGranahan et al.,

2017).
Elimination Equilibrium Escape
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Figure 1.2 Cancer immunoediting

Illustration of the theory of cancer immunoediting, adapted from Shankaran et al.
(2001). Cancer immunoediting occurs in 3 stages. Elimination: The innate and
adaptive immune systems can respond to inflammatory signals and tumour-specific
antigens, resulting in cytotoxic killing of tumour cells. Equilibrium: If the immune
system fails to eliminate all tumour cells, the tumour becomes dormant, with the
adaptive immune system preventing tumour growth. The immune system creates
selective pressure for the development of immune evasion mechanisms by the
tumour cells. Escape: Tumour cells with mutations enabling evasion of immune
recognition or immune destruction can proliferate, enabling tumour growth and

immune escape. Created with BioRender.com.

Stages of Cancer Immunoediting:

Elimination: Also known as cancer immunosurveillance (Burnet, 1970; Dunn et al., 2002).
Inflammatory signals and tumour-specific markers are recognised by innate and adaptive immune
systems in tandem and initiate cell killing of developing tumours, through cytotoxicity of T cells

and NK cells (Shankaran et al., 2001).
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Equilibrium: If the previous step fails to kill all tumour cells, the tumour enters a state of
equilibrium (dormancy), where the adaptive immune system prevents tumour progression. The
immune system continuing to act on cancer cells creates a selective pressure for the development

of immune evasive clones.

Escape: Due to genomic instability of cancer cells, cells with beneficial mutations for avoiding
immune recognition or immune destruction survive. This can be achieved through several
different mutations, which are discussed in Section 1.2. These mutated cells are able to

proliferate, progressing the tumour and escaping the immune system.
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1.2 Immune evasion by cancer cells

There are many mechanisms employed by cancer cells to evade detection by the immune system.

The most common mechanisms are discussed in this section and summarised in Figure 1.3.

Cancer

associated

fibroblasts
Extracellular

matrix

Exclusion of

immune cells
Resident
immune cells

L
oo o Releaseof®
PD-L1 Low MHC o o Cytokines
expression  lass |

Figure 1.3 Summary of major immune evasion mechanisms by tumours

Illustration of common immune evasion mechanisms utilised by tumours. (1) Cancer
cells can modulate cell surface expression of proteins, including downregulation of
MHC class | to prevent CD8+ T cell recognition, and upregulation of
immunosuppressive proteins, non-classical MHC class |, and PD-L1. (2) They can also
release cytokines, either to directly suppress immune cells or to recruit (3)
immunosuppressive resident immune cells, which will prevent immune activation.

(4) Tumour structure also plays a role in tumour immune evasion; the recruitment of
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cancer-associated fibroblasts (CAFs) and the development of an extracellular matrix

forms a physical barrier to the entry of immune cells. Created with BioRender.com.

1.2.1 Major histocompatibility complex (MHC) class |

MHC class | molecules are expressed on the surface of most cells and play an important role in
immune recognition. There are two broad categories of MHC class | molecules: classical and non-
classical, which have different functions and expression patterns (summarised in Table 1.1 and
discussed below). Most MHC class | molecules consist of a heavy chain, which binds intracellular
self or non-self peptides for presentation to immune cells, and a f2-microglobulin (2m) molecule

(shown in Figure 1.4).

Table 1.1  Major differences between classical and non-classical major histocompatibility

complex (MHC) class | and the associated genes in humans

MHC Class | Classical Non-classical

Ubiquitous (except red blood

Expression Tissue-specific

cells)
Interacts With CD8* T cells CD8* T cells, NK cells, NKT cells
Polymorphisms High Limited

HLA-E, HLA-G, HLA-F
Genes in Humans HLA-A, HLA-B, HLA-C

CD1, MR1
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Peptide

MHC Class | Heavy
Chain

B,-microglobulin

Cell
membrane

Figure 1.4 Major Histocompatibility Complex (MHC) Class | Structure

The basic structure of MHC class | molecules, which is a trimer consisting of a MHC
class | heavy chain, B,-microglobulin, and an intracellular peptide for presentation to

immune cells. Created with BioRender.com.

1.2.1.1 Classical MHC class |

Classical MHC class | molecules are highly polymorphic genes expressed on the surface of all
nucleated cells, and present intracellular peptides to CD8+ cytotoxic T cells via the T cell receptor

(Alberts et al., 2002; Neefjes et al., 2011), illustrated in Figure 1.5.

Interaction of classical MHC class | with T cells is important in cellular immunity and can generate
an immune response in two ways. The first is recognition of a foreign MHC class | molecule by the
T cell receptor (TCR) (often referred to as direct recognition), which is important in distinguishing
between self and non-self (Lin and Gill, 2016). The second is recognition of the MHC class I-bound
peptide by the T cell (often referred to as indirect recognition of a minor histocompatibility
antigen), which may have originated from a viral, mutated, or non-self protein (Lin and Gill, 2016).
Recognition of a foreign or mutated peptide, or MHC class | molecule, results in activation of the
CD8+ T cell and transition into an effector T cell. This promotes clonal expansion of the T cell
(Gudmundsdottir et al., 1999) and cytotoxic killing, by inducing apoptosis in cells presenting the

offending antigen (Alberts et al., 2002; Janeway et al., 2001).

Classical MHC class | molecules are also an inhibitory ligand for natural killer (NK) cells (Lu et al.,
2010). By binding to killer cell immunoglobulin-like receptors (KIRs), lectin-like Ly49 family, or
paired Ig-like receptor (PIR) on NK cells (Lanier, 2005; Moretta et al., 1996; Yokoyama, 1995),

inhibitory signalling is maintained, preventing activation of the NK cell. If cells lack MHC class |
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expression, or do not express high enough levels on the surface of a cell, there is less inhibitory
signalling, therefore the NK cell will activate, leading to cytotoxic killing of the target cells
(Ljunggren and Karre, 1990; Lu et al., 2010). The recognition of a lack of MHC class | molecules on
the cell surface is termed ‘missing self’ (Karre et al., 1986; Ljunggren and Karre, 1990, 1985) and is
an important immune mechanism for detection of virally infected or mutated cells that have
downregulated MHC class | to evade T cell recognition. As with CD8+ T cells (Barnes and Amir,
2017; Idos et al., 2020; Sun et al., 2023), high levels of NK cell infiltration correlates with a positive

prognosis in some tumours (Xue et al., 2022; Zhang et al., 2020).

Inhibitory Activating
signal KIR TCR signal

Classical Foreign MHC class |,
MHC class | . or mutated peptide
C .
ell surface

Figure 1.5 Immune cell interactions with classical MHC class | molecules

Two major immune cell interactions with classical MHC class | molecules are CD8+ T
cells and natural killer (NK) cells. Classical MHC class | molecules present on a cell
bind to killer cell immunoglobulin-like receptors (KIRs), lectin-like Ly49 family, or
paired Ig-like receptors (PIRs) on NK cells. This creates inhibitory signals, preventing
NK cell activation. If classical MHC class | is downregulated from the surface of a cell,
there will be fewer inhibitory signals, resulting in NK cell activation and cytotoxic
killing. Classical MHC class | molecules bind CD8+ T cells via the T cell receptor (TCR).
T cells can recognise a foreign MHC class | heavy chain, and/or mutated or foreign
peptides bound to the MHC class | heavy chain. Recognition by the T cell activates

effector functions, including cytotoxic killing. Created with BioRender.com.
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1.2.1.2 Non-classical MHC class |

Non-classical MHC class | genes also play important roles in the immune system but are not
ubiquitously expressed. Their tissue-specific expression varies between genes, and for many of
these our understanding of their function is still developing. Non-classical MHC class | molecules
share the same basic structure as classical MHC class |, though some are expressed at the cell

surface without f,m (Allen and Hogan, 2013).

The non-classical genes have few alleles (often subject to purifying selection), are less
polymorphic than classical MHC class |, and bind fewer peptides. While some non-classical MHC
class | bind peptides for presentation to CD8+ T cells (Allen and Hogan, 2013; Blum et al., 2013),
some bind other antigens, such as lipids, and have additional immune cell interactions, such as
being a ligand for NK, y6, and invariant T cells (Braud et al., 1999; Chancellor et al., 2018; D’Souza
et al.,, 2019).

While non-classical MHC class | molecules can have a role in activating the immune response to
cancers and pathogens, there is also evidence molecules such as HLA-E, HLA-F, and HLA-G, have a
role in inhibition of effector cells, acting as inhibitory ligands (Allen and Hogan, 2013). Though
mechanisms for non-classical MHC class | immunosuppression are still being elucidated, they have
been shown to interact with a wide range of immune cells for this function. This includes:
inhibition of NK cells, CD8+ T cells, and macrophages via CD94/NKG2A, KIRs, and killer cell lectin-
like receptors (Kochan et al., 2013; Lanier, 1998; Vance et al., 1998), expansion of myeloid derived
suppressor cells (MDSCs) (Agaugué et al., 2011), preventing maturation of myeloid dendritic cells,
which become tolerogenic dendritic cells that can inhibit function of CD8+ and CD4+ T cells
(Ristich et al., 2005), and they have been shown to interact with CD8+ T cells to induce production
of CD8+ T regulatory cells (T regs) (Jiang et al., 2010). In both cancer and pregnancy, expression of
non-classical MHC class I, by tumour and placental cells respectively, is associated with an
immunosuppressive environment (Kochan et al., 2013; Rapacz-Leonard et al., 2014); and in
tumours, non-classical expression is associated with poor prognosis (Bossard et al., 2012; Menier

et al., 2008; Wolpert et al., 2012).

1.2.1.3 Antigen presentation pathway (APP)

In its role of antigen presentation to T cells, MHC class | molecules are a trimer, consisting of a
heavy chain, B2-microglobulin, and a peptide (illustrated in Figure 1.4). The process of peptide
presentation involves many different proteins, which are all required for correct loading of the
peptide onto the MHC class | heavy chain and the subsequent expression of MHC class | at the cell

surface.
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The process of assembling the MHC class | trimer and transporting it for expression at the cell
surface is called the antigen presentation pathway (APP) (Blum et al., 2013), illustrated in Figure
1.6. Intracellular proteins are cleaved in the cytosol by the proteasome following ubiquitination
and a subsection of these peptides are transported into the endoplasmic reticulum (ER), via
transporter associated with antigen processing (TAP). Once in the ER, peptides are trimmed by
endoplasmic reticulum aminopeptidase (ERAP) 1 and 2 to the correct size for loading onto the
MHC class | heavy chain (between 8-11 amino acids in humans). If the peptides remain too long,
they can undergo further trimming by ERAP1/2. A peptide is loaded onto the MHC class | heavy
chain, bound to B.m, by the peptide loading complex (PLC), consisting of TAP, tapasin, ERp57,
calreticulin and the MHC class | (Blees et al., 2017; Hulpke and Tampé, 2013). Once assembled and
stable, the MHC class | trimer disassociates from the PLC and is transported through the Golgi for

expression to immune cells at the cell surface.

MHC class |

e
cel Merorer

Golgi
Apparatus
Protein
/ :
L Proteasome - “'u,
@ ;
ERAP ! Endoplasmic
\ ' Reticulum
. Peptide
Peptides Loz?ding
. . ﬁ Complex
@

SN
-
w

Figure 1.6 Summary of the antigen presentation pathway (APP)

Illustration of the antigen presentation pathway, which assembles MHC class |
molecules for expression at the cell surface, adapted from Reeves and James (2017).
Intracellular peptides are cleaved by the proteasome and the resulting peptides
transported into the endoplasmic reticulum via transporter associated with antigen

processing (TAP). Peptides are further cleaved by endoplasmic reticulum

10
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aminopeptidase (ERAP) 1 and 2, then loaded onto MHC class | heavy chain, bound to
B.m, by the peptide loading complex: consisting of TAP, tapasin, ERp57, calreticulin
and the MHC class | heavy chain. Following assembly, the MHC class | trimer
dissociates from the peptide loading complex and is transported through the Golgi

for expression to immune cells at the cell surface. Created with BioRender.com.

1.2.2 Modulating expression of cell surface markers

A major mechanism utilised by cancer cells to avoid recognition by the immune system is the
modulation of molecules expressed on the cell surface. This is either by removal or
downregulation of molecules that would initiate immune responses against the cancer cells, or

upregulation of molecules that will suppress immune responses.

1.2.2.1 MHC class | loss in tumours

In cancer cells, classical MHC class | molecules will bind peptides that originated from mutated
proteins. Mutated peptides can be recognised by CD8+ T cells triggering a cytotoxic immune
response. As a result, a common mechanism for immune escape by cancer cells is
downregulation, or total loss, of classical MHC class | from the cell surface (Campoli and Ferrone,
2008; Dhatchinamoorthy et al., 2021; Hicklin et al., 1999), which is associated with poor prognosis
(Hicklin et al., 1999; Mehta et al., 2008). MHC class | downregulation is due to selective pressure
from the immune system (cancer immunoediting), as cancer cells expressing classical MHC class |

bound to mutated peptides will be detected and eliminated by cytotoxic CD8+ T cells.

One method to reduce MHC class | expression on the cell surface is total MHC class | loss. This can
be achieved through structural mutations (Dhatchinamoorthy et al., 2021), which is a permanent
loss of MHC class | expression, or epigenetic modifications to genes (Campoli and Ferrone, 2008;
Mehta et al., 2008), ‘switching off’ MHC class | expression, which is reversible. Both structural and
epigenetic mutations occur at drivers of MHC class | heavy chain expression or components of the
APP to prevent MHC class | expression at the cell surface, therefore preventing expression of all

MHC class | genes.

While effective at preventing T cell-mediated responses, total loss of MHC class | expression risks
activation of other immune responses, such as by NK cells. Therefore, other mechanisms utilised
by cancer cells, which reduce the chance of recognition by CD8+ T cells and prevent an NK cell
response to ‘missing self’, are selective loss and loss of heterozygosity for classical MHC class I.

Selective loss involves the downregulation or loss of a specific MHC class | allele or locus that is

11
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immunogenic (Campoli and Ferrone, 2008; Hiraki et al., 2004), such as alleles that bind mutated
peptides that will be recognised by T cells, called ‘neoantigens’. Loss of heterozygosity is a type of
selective downregulation where an MHC class | gene or haplotype is structurally mutated on one
chromosome (McGranahan et al., 2017; Tran et al., 2016); therefore, the cancer cell only has one

copy of the gene(s) and there is a reduction in MHC class | expression.

1.2.2.2 Non-classical MHC class | expression

As mentioned in Section 1.2.1.2, non-classical MHC class | is upregulated in many cancers
(Campoli and Ferrone, 2008; Rouas-Freiss et al., 2005) and its expression is associated with poor
prognosis (Bossard et al., 2012; Ye et al., 2007; Yie et al., 2007, 2007), due to its
immunosuppressive functions. In some cancers, soluble forms of non-classical MHC class | are
released to induce immune suppression (Derré et al., 2006; Morandi et al., 2007; Sebti et al.,
2007), rather than or in addition to cell surface expression. Studies have shown that blockade or
inhibition of non-classical MHC | in tumours correlates with increased immunogenicity of cancer
cells (Wischhusen et al., 2005; Wolpert et al., 2012) and has been shown to prevent tumour
formation (Agaugué et al., 2011). Non-classical MHC class | expression in tumours suppresses
immune cells by preventing effector cell activation, such as NK cells and CD8+ T cells (Derré et al.,
2006; Lin et al., 2007; Wischhusen et al., 2005; Wolpert et al., 2012), and induction of suppressive

immune cell phenotypes (Agaugué et al., 2011; Ristich et al., 2005; Rouas-Freiss et al., 2007).

The mechanisms by which cancer cells upregulate non-classical MHC class | are still being
elucidated, as historically non-classical MHC class | molecules have received less focus than
classical MHC class I. Current evidence suggests epigenetic upregulation of non-classical
expression in cancer cells. A study found non-classical, HLA-G could be upregulated by
demethylation of gene promoters, mediated by 5’-aza-2-deoxycytidine, or treatment with
interferon-y (IFNy) in some cell lines already expressing HLA-G, however these treatments could
not induce expression in HLA-G-negative cell lines (Dunker et al., 2008). Other studies found HLA-
G expression regulated in tumours by other environmental factors, such as hypoxic factors and
TNFa (Rouas-Freiss et al., 2007). Additionally, in leukaemia cell lines an increase in cell surface
expression of non-classical, HLA-E correlated with downregulation of classical MHC class | heavy

chain expression (Marin et al., 2003).

1.2.23 Expression of PD-L1

In addition to modulation of MHC class | expression, cancer cells can also mutate to upregulate
molecules associated with immunosuppression. A molecule widely expressed by tumour cells is

programmed death-ligand 1 (PD-L1), also named B7-H1 and CD274, expression of which is

12
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correlated with malignancy and poor prognosis (Han et al., 2020; Hino et al., 2010; Maine et al.,
2014; Muenst et al., 2014). PD-L1 is the ligand for the receptor, programmed cell death protein 1
(PD-1), expressed by activated T cells. Binding of PD-L1 results in suppression of T cell effector
functions, inducing anergy or apoptosis (Freeman et al., 2000; Gibbons Johnson and Dong, 2017
Jiang et al., 2010), thus preventing recognition and killing of tumour cells by T cells. As such,
blockade of PD-L1 is commonly used in combination with other immunotherapies against cancer
(Han et al., 2020; Hudson et al., 2020; Wang et al., 2019), though not effective in all patients.
Unresponsive patients appear to lack pre-existing T cell responses against the tumour (lwai et al.,
2017), highlighting the multifaceted nature of anti-tumour immune responses and cancer immune

evasion.

1.2.3 Tumour microenvironment

Instead of, or in addition to, modulating expression of cell surface markers, tumours can also
evade the immune system by modifying the tumour microenvironment. This is mainly achieved by
creating an immunosuppressive environment or through exclusion of immune cells (discussed

below).

1.2.3.1 Immunosuppressive environment

Cancer cells can alter the immune environment within a tumour by releasing cytokines and other
small molecules to directly suppress immune cells or to recruit/induce regulatory immune cells.
Cancer cells can release immunosuppressive cytokine, interleukin-6 (I1L-6), which recruits myeloid
derived suppressor cells (MDSCs) (Jiang et al., 2017) for suppression of CD8+ T cells (Gabrilovich
and Nagaraj, 2009). Cancer cells can also release growth factor, granulocyte macrophage colony
stimulating factor (GM-CSF), which decreases macrophage effector functions (Lin et al., 2002;
Sotomayor et al., 1991). CD4+ T regs can be recruited into the tumour via release of chemokine,
CC chemokine ligand 22 (CCL22) by cancer cells (Curiel et al., 2004; Lee et al., 2005). T regs
become resident or tumour-associated immune cells, which interact with and inhibit tumour-
antigen specific responses by T cells (Yokokawa et al., 2008) to maintain a suppressive immune
environment. Recruited immune cells also contribute to immunosuppression by producing their
own cytokines, for example MDSCs produce transforming growth factor B (TGF-B) (Bierie and
Moses, 2010), which suppresses anti-tumour immune responses (Pasche, 2001) and induces T cell

conversion to suppressive T regs (Zou, 2006).
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1.2.3.2 Exclusion of immune cells

Tumour cells can also prevent immune activation by modulating the physical structure of the
tumour, to create a barrier to entry of immune cells. Cancer associated fibroblasts (CAFs), mainly
fibroblasts activated by contact with cancer cells or inflammatory signalling (Sahai et al., 2020),
and extracellular matrix (ECM), deposited by CAFs and tumour cells (Popova and Jiicker, 2022),
are common in solid tumours. CAFs have a role in immunosuppression, for example, by the
release of cytokine, TGF-B (Arpinati and Scherz-Shouval, 2023; Calon et al., 2012; Hawinkels et al.,
2014). However, through deposition of the ECM, they also function to provide structure and
support for cancer cells, while also creating a dense matrix that forms a physical barrier to
infiltration of immune cells (Koppensteiner et al., 2022; Salmon et al., 2012). As a result, even if
there is a strong immune response against tumour antigens, tumour cells are protected from

immune killing.

1.3 History of transmissible cancers

Though rare, some cancer cells have escaped the individual they emerged in, to spread among a
population. Unlike oncoviruses, such as human papillomavirus (HPV), where the virus passes
between individuals, causing DNA damage and consequently cancer formation; the cancer cells

themselves are the infective agent, acting as an allograft to form a tumour in the new host.

Very few transmissible cancers have been found in nature. Six have been discovered in bivalves
since 2015 across six species (Metzger et al., 2016, 2015; Yonemitsu et al., 2019), and there are
two mammalian species that are known to harbour transmissible cancers, one occurring in dogs
and two in Tasmanian devils (Sarcophilus harrisii). The timeline summarising transmissible cancers

is shown in Figure 1.7.
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Transmissible cancers have been discovered in 2 mammalian species, dogs and Tasmanian devils, and 6 species of bivalves. The oldest transmissible cancer,

Canine Transmissible Venereal Tumor (CTVT), predicted to be over 10,00 years old (Murchison et al., 2014) occurs in dogs and was first described by

Novinski (1874). Two genetically distinct transmissible cancers occur in Tasmanian devils; the first, Devil Facial Tumour Disease 1 (DFT1), was first observed
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in 1996 (Hawkins et al., 2006) and was first described by Pearse and Swift (2006). The second transmissible cancer was identified in 2014 (Pye et al., 2016b).

Most recently, since 2015, 6 transmissible cancers have been identified in 6 species of bivalves (Metzger et al., 2016, 2015; Yonemitsu et al., 2019).
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1.3.1 Canine Transmissible Venereal Tumor (CTVT)

The oldest known transmissible cancer is Canine Transmissible Venereal Tumour (CTVT), also
referred to as Sticker’s sarcoma and Canine Transmissible Venereal Sarcoma, an ancient clonal
lineage infecting dogs (Canis lupis), which is estimated to be over 10,000 years old (Murchison et
al., 2014). CTVT was first described in 1874 (Novinski, 1874) and is predicted to have arisen in a
wolf ancestor (Rebbeck et al., 2009). This cancer exists worldwide (Cohen, 1985; Das and Das,
2000; Ganguly B et al., 2016), with high prevalence in countries with large populations of
stray/wild dogs or where neutering is less common (Strakova and Murchison, 2014). Copy number
analysis across samples from seven countries found significant deviation from normal cells, but
remarkable similarity to each other (Rebbeck et al., 2009), supporting clonal lineage and
suggesting CTVT genome is relatively stable, supported by other studies (Murchison, 2009;
Murchison et al., 2014; Murgia et al., 2006).

CTVT is thought to derive from a macrophage, due to its expression profile and ability to be
infected by a macrophage parasite (Murchison, 2009). Tumours usually occur on the external
genitalia of the host and cancer cells transmit between dogs through sniffing, licking and sexual
contact. Tumours start as small, localised nodules and grow to become large, noduled, ulcerated
tumours, but rarely metastasise (Murchison, 2009). Mortality from CTVT infection is low in
immune-competent adult dogs, with most tumours regressing (Cohen, 1985; Ganguly B et al.,

2016).

1.3.2 Devil Facial Tumours (DFTs)

In contrast to CTVT, the cancers in Tasmanian devils have occurred much more recently; with the
first observed in 1996, called Devil Facial Tumour Disease 1 (DFT1) (Pearse and Swift, 2006), and
the second identified in 2014, called DFT2 (Pye et al., 2016b), which is thought to have emerged
close to this time. DFT1 originated in the North East of Tasmania, first observed at the Mount
William National Park (Hawkins et al., 2006), and since then has spread across most of the
population of mainland Tasmania, see Figure 1.8. In contrast, DFT2 emerged in the

d’Entrecasteaux peninsula and has continued to circulate in this population (see Figure 1.8).

DFT1 and DFT2 have the same gross morphology, growing as tumours on the face and neck of
infected devils, but are genetically distinct and arose in different individuals (Pye et al., 2016b;
Stammnitz et al., 2018). Both cancers transmit as an allograft between devils due to fighting
behaviours during feeding and mating, where lesions are often caused around the face (Hamede

et al., 2013, 2008; Loh et al., 2006), with tumours forming on the face and/or neck of the new
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host. Tumours start as small nodules, but often grow to become large, ulcerated tumours (shown

in Figure 1.9).
_' - - '-a_
) 7| Mount William
Vi Mational Park
% \3 R
\ A 1 o
: |
\ I
\
|
|
\ ) I
Spreadof Y~ Tasmania 67 (|
DFT1 ™~

& I".I | "

\ b, f

o]
\ T o
N e
5 ~_ “"'\d Spread o

s N < i; DFT2

Figure 1.8 Map of Tasmania showing spread of Devil Facial Tumour Diseases

Map of Tasmania marked with the spread of DFT1 (blue), as of 2020 (Kozakiewicz et
2021), and DFT2 (red). DFT1 was first observed at the Mount William National

Park in 1996 (Hawkins et al., 2006), marked in green. The site where DFT2 was first
detected in 2014 (Pye et al., 2016b) is marked by the red dot
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DFT2

Figure 1.9 Photographs of DFT1 and DFT2 tumours

Pictures of DFT1 (left) and DFT2 (right) tumours at a late stage of development. Most
DFTs occur on the face, neck, and mouth of their host, Tamanian devils (Sarcophilus
harrisii). Images were first published by (top left) (Murchison et al., 2012), (bottom
left) (Siddle and Kaufman, 2015), and (right) (Pye et al., 2016b).

13.21 DFT1

DFT1 is a transmissible cancer circulating in the Tasmanian devil (Sarcophilus harrisii), a marsupial
species endemic to the Australian island of Tasmania (Pearse and Swift, 2006). Originally named
DFTD (Devil Facial Tumour Disease), prior to the emergence of a second transmissible cancer
called DFT2 (Pye et al., 2016b). DFT1 is derived from a myelinating Schwann cell (Murchison et al.,
2010; Owen et al., 2021) and tumour cells are clonal, originating in the same devil, as cells taken
from tumours infecting different individuals share the same karyotype, which is distinct from their

hosts (Pearse and Swift, 2006).

The disease was first observed in 1996 (Hawkins et al., 2006), predicted to have emerged around
1986 (Stammnitz et al., 2023), and has since spread across most of the island. The cancer cells
grow to become large, ulcerated and necrotic tumours that can affect the structure of the jaw and

often metastasise (Loh et al., 2006; Siddle et al., 2013). There is a near 100% mortality rate, with
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infected devils dying of starvation, secondary infection, or metastasis to vital organs leading to
organ failure (Murchison, 2009). The spread of DFT1 across Tasmania (see Figure 1.8) led to an
average devil population decline of 77% (Lazenby et al., 2018) and up to 90% in some areas
(McCallum et al., 2009, 2007), resulting in Tasmanian devils being listed as an endangered species
in 2008 (Hawkins et al., 2008). However, recent phylogenetic analysis of DFT1 indicates the cancer
is becoming endemic, with reduced transmission rates compared with the outbreak of the disease

(Patton et al., 2020).

There is disagreement in the literature about the stability of the DFT1 genome (James et al., 2019;
Kwon et al., 2020), however the development of distinct DFT1 lineages has been observed (Kwon
et al., 2020; Stammnitz et al., 2023). As DFT1 has spread across Tasmania, clades (or subclones)
have developed, based on phylogenetic analysis of mitochondrial mutations, copy number
variations, and genome analysis (Kwon et al., 2020; Stammnitz et al., 2023). Some clades have
disappeared over time, while others have become dominant in different geographical areas
(Kwon et al., 2020). There has been no investigation into the phenotypes of clades, but they may
confer functional differences in DFT1 cells, though due to their convergent evolution, these

differences are predicted to be limited (Kwon et al., 2020).

1.3.2.2 DFT2

DFT2 is the second transmissible cancer identified in Tasmanian devils. It was discovered in 2014
during routine screening of tumour samples for DFT1 markers (Pye et al., 2016b). Despite forming
tumours with a similar gross morphology to DFT1, these cancer cells are genetically distinct (Pye
et al., 2016b; Stammnitz et al., 2023). DFT1 and DFT2 vary from each other at microsatellite loci
and have different marker chromosomes (Pye et al., 2016b). Additionally, DFT2 cells contained a Y
chromosome, indicating the cancer originated in a male devil, while DFT1 originated in a female
(Pye et al., 2016b). Despite not sharing genetic markers with DFT1 or their hosts, the five tumours
shared markers with each other (Pye et al., 2016b), therefore they marked the emergence of a
new transmissible cancer. As devil captures were carried out regularly to monitor DFT1
progression, DFT2 is thought to have emerged close to these first observations in 2014, supported

by phylogenetic analysis, predicting DFT2 emerged close to 2011 (Stammnitz et al., 2023).

DFT2 emerged in the d’Entrecasteaux peninsula in the South East of Tasmania, marked on Figure
1.8. Since then, it has spread among the devil population within this area but has not expanded its
range beyond this (James et al., 2019). It has been suggested this may be due to the geographical
area DFT2 emerged in, which it confined by water and urban landscape, and/or the lower
population densities due to DFT1 (Durrant et al., 2021). Another possibility is that DFT2 spread

has been limited due to host immune responses (Caldwell et al., 2018), discussed in Section 1.4.5.
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DFT2 emerged from an immature Schwann cell (Owen et al., 2021; Stammnitz et al., 2018). As
both DFT1 and DFT2 came from a Schwann cell, this suggests this cell type is more prone to
transformation into a transmissible cancer, due to the cellular phenotype and/or frequent
damage caused to these cells during biting behaviours. It has been observed that DFT2 is replacing
DFT1 in the d’Entrecasteaux peninsula (R Hamede 2022, personal communication), which may be
the result of higher growth (Gerard, Owen et al., 2023 (in review)) and mutation (Stammnitz et al.,
2023) rates in DFT2 cells. Less is known about the mortality of DFT2, and therefore impact on the
devil population. However, the emergence of a second transmissible cancer within an endangered
species is of concern and suggests Tasmanian devils may be susceptible to generation of

transmissible cancers.

133 Bivalve Transmissible Neoplasms (BTNs)

Bivalves, a class of molluscs (including clams, mussels, and oysters), appear to be particularly
prone to transmissible cancers. Six distinct transmissible cancers have been identified since 2015
(Metzger et al., 2016, 2015; Yonemitsu et al., 2019), collectively known as Bivalve Transmissible
Neoplasms (BTNs). All six transmissible cancers vary genetically from their hosts but share
mitochondrial single nucleotide polymorphisms (SNPs) and DNA markers (Metzger et al., 2016,
2015; Yonemitsu et al., 2019).

BTNs are hypothesised to transmit through sea water, picked up by a new host via filter feeding
(Metzger et al., 2015; Sunila and Farley, 1989). Infection with these cancers is fatal, causing large
population losses (Metzger et al., 2015). These transmissible cancers are disseminated neoplasia,
a leukaemia-like cancer, which are common in bivalves. Wide prevalence of disseminated
neoplasia in soft-shell clams (Mya arenaria), the species in which the first BTN was identified, was
first described in the 1970’s (Brown et al., 1978; Yevich and Barszez, 1977), therefore it is possible

this cancer lineage is over 50 years old.

BTNs have been found globally, in North America (Metzger et al., 2016, 2015), South America, and
Europe (Yonemitsu et al., 2019). Mytilus edulis (Europe) and Mytilus chilensis (South America)
were infected with BTN lineages that are highly similar to each other, and are thought to have
originated from the same host, Mytilus trossulus (Yonemitsu et al., 2019). It has been suggested
that the spread of BTNs across broad geographical areas may have been facilitated by
anthropogenic activity, due to translocation of bivalves by attachment to shipping vessels

(Yonemitsu et al., 2019) and transplantation of seed stocks between sites (Metzger et al., 2015).

In addition to the BTN infecting mussels (M. edulis and M. chilensis), which originated in a

different species, the BTN in golden carpet shell clams (Polititapes aureus) was found to originate
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in Venerupis corrugata (Metzger et al., 2016). Additionally, no infections of either cancer were
found in the original host (Metzger et al., 2016; Yonemitsu et al., 2019). These results suggest
BTNs can easily transfer between species, however, transmission experiments of other BTNs
between species were unsuccessful (Kent et al., 1991; Mateo et al., 2016), therefore transfer of
transmissible cancer from one species to another may be dependent on mutations within the

cancer.

1.4 Immune evasion by transmissible cancers

As transmissible cancers transmit as allografts, those circulating in mammalian populations should
be easily recognised by host immune systems due to disparate MHC class | molecules between
tumour and host. All three cancers have spread through their respective populations, often
showing limited signs of immune activation. Therefore, these cancer cells must be employing
immune evasion mechanisms. Our current understanding of immune evasion by these cancers is

discussed in this section.

14.1 Immune evasion by CTVT

CTVT is an unusual cancer, which has evolved to co-exist with its host and is rarely fatal. As an
ancient cancer lineage, less is known about the evolution of CTVT than other transmissible
cancers. However, since it has spread worldwide, the cancer must have mechanisms for evading,

or being tolerated by, the host immune system.

Studies of CTVT have observed its tumours have three distinct phases: growth, stasis, and
regression (Cohen, 1985; Murchison, 2009). In most cases all three phases are observed, though
there are some cases where the tumour grows then regresses, without entering a state of stasis,
or the tumour enters stasis and does not regress. During early stages of infection (growth phase),
CTVT cells downregulate MHC class | expression (Belov, 2011; Hsiao et al., 2002; Murchison,
2009), preventing T cell responses, and express TGF-3, which inhibits NK cells, B cells and dendritic
cells (Liao et al., 2003; Liu et al., 2008). Tumour infiltration by lymphocytes upregulates MHC class
| expression via release of IFNy (Hsiao et al., 2008; Pérez et al., 1998). IL-6 and IFNy expression by
lymphocytes also antagonises TGF-B production by CTVT (Hsiao et al., 2008; Pérez et al., 1998).
This triggers an inflammatory immune response within the tumour, leading to stasis and/or

regression.

Presumably CTVT has evolved with its host species to avoid immune detection during the early
stages of infection but transmits to another host before it is eradicated by the host immune

system. Thus, enabling both host and pathogen to survive.
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1.4.2 Tasmanian devil MHC class | genes

Due to rapid evolution, MHC class | gene families are generally highly divergent between species,
with little orthology between classical genes (genes identified for humans and marsupial species
are listed in Table 1.2). In Tasmanian devils, three classical genes have been identified, Saha-UA,
Saha-UB and Saha-UC (Cheng et al., 2012), and six non-classical genes; Saha-UD (Cheng et al.,
2012; Siddle et al., 2007b), Saha-UK (Cheng et al., 2012), Saha-UM, Saha-CD1 (Cheng and Belov,
2014), Saha-MR1 (Tsukamoto et al., 2013), and Saha-UT (Papenfuss et al., 2015) (summarised in

Table 1.3).

Table 1.2 MHC class | genes identified for humans, Tasmanian devils, and other marsupial

species.
Species Classical MHC class | genes Non-classical MHC class | genes
Human HLA-A HLA-E HLA-MICA
(Homo sapiens) HLA-B HLA-F HLA-MICB
HLA-C HLA-G
Tasmanian devil Saha-UA Saha-CD1 Saha-UK
(Sarcophilus harrisii) Saha-UB Saha-MR1 Saha-UM
Saha-UC Saha-UD Saha-UT
Tammar wallaby Maeu-UA Maeu-UE Maeu-UO
(Macropus eugenii) Maeu-UB Maeu-UK
Maeu-UC Maeu-UM
Grey short-tailed opossum | Modo-UA1 Modo-UE Modo-U)J
(Monodelphis domestica) Modo-UG Modo-UK
Modo-UlI Modo-UM
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Table 1.3 Summary of Tasmanian devil MHC class | genes
Type of MHC class | |Gene Polymorphisms | Tissue expression |Described by
Classical Saha-UA High Ubiquitous Cheng et al. (2012)
Classical Saha-UB High Ubiquitous Cheng et al. (2012)
Classical Saha-UC High Ubiquitous Cheng et al. (2012)
Non-classical Saha-CD1 Low Restricted Cheng and Belov
(2014)
Non-classical Saha-MR1 None Restricted Tsukamoto et al.
(2013)
Non-classical Saha-UD Low Restricted Siddle et al. (2007)
Cheng et al. (2012)
Non-classical Saha-UK None Restricted Cheng et al. (2012)
Non-classical Saha-UM None Ubiquitous Cheng and Belov
(2014)
Non-classical Saha-UT Low Restricted Papenfuss et al.
(2015)

Classical MHC class | molecules in Tasmanian devils were assigned based on their high level of
polymorphism and ubiquitous expression. The three classical MHC class | genes, Saha-UA, -UB,
and -UC, are highly similar to each other, resulting from gene duplications (Cheng et al., 2012;
Lane et al., 2012), which makes assigning alleles to gene loci difficult (Caldwell and Siddle, 2017).
Based on three classical MHC class | genes, is it expected that Tasmanian devils will have six
alleles; however, it is important to note that a 1.646kbp deletion was found in Saha-UA, rendering
it a pseudogene (Cheng et al., 2012), therefore the number of functional classical MHC class |
alleles will be lower in some devils. Across populations in Tasmania there is limited MHC class |
diversity. A study in 2010 with 387 devils found there was a difference between classical MHC
class | genotypes of devils in the East compared to the North West (Siddle et al., 2010), but low
diversity overall. A recent study using long-read sequencing found no significant difference
between MHC class | alleles across Tasmania, aside from the geographically isolated South
Western population (Cheng et al., 2022), highlighting the restricted MHC class | diversity in

Tasmanian devils.

Non-classical MHC class | alleles in Tasmanian devils were assigned based on low polymorphisms,

tissue-specific expression, and orthology with genes in other species of marsupials or humans.
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Saha-UD alleles identified have high nucleotide sequence similarity (>97.7%) and putative peptide
binding residues are not under positive selection (Cheng and Belov, 2014). Amino acid differences
between these alleles due to single nucleotide polymorphisms is low and only a few of these
residues are predicted to interact with peptides or the TCR (Bjorkman and Parham, 1990) (see
Figure 1.10). Saha-UD, while it is in a separate phylogenetic clade (Cheng et al., 2012), is closely
related to the classical MHC class | genes (Cheng and Belov, 2014) and binds B2m (Gastaldello et
al., 2021), therefore it is hypothesised that Saha-UD molecules bind peptides for antigen
presentation at the cell surface. Saha-UK is monomorphic (Cheng and Belov, 2014); therefore, its
immunogenicity in allograft rejection is expected to be low. However, it has not been found to
bind B2m (Gastaldello et al., 2021), and is predicted to have a marsupial-specific function (Cheng

et al., 2012). As a result, Saha-UK is not predicted to bind peptides for antigen presentation at the

cell surface.
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Figure 1.10 Amino acid alignment of non-classical, Saha-UD alleles

Blue asterisks indicate residues predicted to interact with the TCR, red asterisks
indicate residues predicted to bind the peptide. Residue predictions were calculated
by referencing Bjorkman and Parham (1990), Figure 4. Alignment created in CLC Main
Workbench 22.0.

Saha-CD1 and Saha-MR1 are orthologous with CD1 and MR1 genes, respectively, in eutherian
mammals (Cheng and Belov, 2014; Tsukamoto et al., 2013), so are predicted to serve a similar
function in Tasmanian devils. This would mean Saha-CD1 would bind glycolipids and lipoproteins
for antigen presentation to T cell and NKT cells (Brigl and Brenner, 2004), while Saha-MR1 binds
vitamin derivatives for presentation to mucosal-associated invariant T (MAIT) cells (Krovi and
Gapin, 2016). The function of Saha-UM and Saha-UT in the Tasmanian devil immune system is

currently unknown, due to their orthology with genes in other marsupials, these genes are
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predicted to perfume a marsupial-specific function (Cheng and Belov, 2014; Papenfuss et al.,

2015).

143 Immune responses against DFT1

Transmitting as an allograft, DFT1 should elicit an immune response due to disparate major
histocompatibility complex class | (MHC class 1) molecules between the cancer and its host. In
most cases, devils produce little to no immune response to DFT1. The lack of immune response
was initially thought to be due to reduced genetic diversity in the devil population (Siddle et al.,
2007a; Woods et al., 2007), specifically, due to low genetic diversity at classical MHC class | loci
(Cheng et al., 2012; Siddle et al., 2010). However, experiments have shown that devils can
produce an immune response against both matched and mis-matched skin grafts (Kreiss et al.,
2011), therefore the level of genetic diversity at major and minor antigens should initiate an

immune response.

Lymphocyte infiltration is rarely observed in wild devils infected with DFT1 (Loh et al., 2006).
Immune responses to DFT1 were only recently identified in a small number of wild devils (Pye et
al., 2016a). Six wild devils have been found to produce serum antibodies against DFT1, four of
these associated with regressions (Pye et al., 2016a), but these cases are rare, with most devils
appearing ignorant of DTF1 infection. Interestingly, some devils can tolerate DFT1 infection, with
increased survival in females associated with host SNPs in genes linked to cell-cycle regulation,
cell adhesion and immunity, though no link was found in males (Margres et al., 2018). It has also
been found that males infected with DFT1 have a greater decline in body condition based on body
weight than females (Ruiz-Aravena et al., 2018). These results are supported by broader host
evolution of Tasmanian devils in response to DFT1, particularly in genes associated with immunity
and cellular processes (Epstein et al., 2016; Hubert et al., 2018). Increased reports of tolerance in
the devil population correspond with reduced transmission rates and DFT1 becoming endemic
(Patton et al., 2020), therefore evolution of the devil immune response may be a contributing

factor.

Vaccination trials have shown that immune responses can be generated against DFT1 (Kreiss et
al., 2015; Pye et al., 2018; Tovar et al., 2017). Out of six devils immunised with sonicated or
freeze-thawed cells, five produced antibody and/or cytotoxic responses; however, this did not
provide long-term protection when two of these devils were challenged with live DFT1 cells
(Kreiss et al., 2015). Two studies immunised devils with DFT1 cells that expressed MHC class |,
with 86% (n=7) (Tovar et al., 2017) and 95% (n=52) (Pye et al., 2018) of devils producing

antibodies against MHC class | positive and negative DFT1 cells. Additionally, antibody responses
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were found to be higher in juveniles compared to adults in both studies by Pye et al. (2018), and
females compared to males in one of the two studies. Devils immunised by Pye et al. (2018) were
released, but recapture rates were low, therefore conclusions cannot be made about the
protection of this immunisation, however, three devils were captured with natural DFT1 infection.
Of the seven devils immunised by Tovar et al. (2017), six were challenged with live DFT1 cells; only
one of these remained tumour free and two had delayed onset, therefore immunisation offered
little long-term protection. Three of these tumours were treated with DFT1 cells (expressing MHC
class 1) as immunotherapy, which resulted in tumour regression, mediated by T cells (Tovar et al.,
2017). DFT1 cells were taken from biopsies from two of these tumours, and one non-immunised
control. Analysis found DFT1 cells from regressing tumours had a de-differentiated mesenchymal
phenotype (Patchett et al., 2021), having undergone an endothelial to mesenchymal transition,
which is a common mechanism utilised by cancer cells (Hamilton et al., 2018; Pastushenko and
Blanpain, 2019; Terry et al., 2017), presumably in response to recognition by the host immune
system. These vaccination trials show Tasmanian devils can generate immune responses against
MHC class | molecules expressed by DFT1 cells, therefore, based on the lack of immune responses

observed in wild DFT1 hosts, the cancer cells must have evolved immune evasion mechanisms.

144 Immune evasion by DFT1

As DFT1 transmits as an allograft, it typically has a different MHC class | genotype to the host.
MHC class | molecules that are different to the host and are expressed on the cell surface of DFT
cells should initiate a robust immune response. However, in DFT1 components of the peptide
presentation pathway, including TAP and B.m, have been epigenetically downregulated, resulting
in the loss of MHC class | on the cell surface (Siddle et al., 2013). These genes can be upregulated
by treatment with the inflammatory cytokine interferon-y (IFNy) (Siddle et al., 2013) or
overexpression of transcriptional co-activator, NOD-like receptor family CARD domain containing
5 (NLRC5) (Ong et al., 2021). This parallels modulation of MHC class | expression in Canine
Transmissible Venereal Tumour (CTVT), which in laboratory models has low MHC class | on the cell
surface during initial infection, with expression upregulated in response to cytokines (i.e. IL-6)
during immune infiltration (Hsiao et al., 2008, 2002; Pérez et al., 1998) (discussed in Section
1.4.1). More recently it has been found that DFT1 expresses polycomb repressive complex 2
(PRC2), which is a conserved mechanism for transcriptional silencing of the APP in tumours with
extremely low MHC class | expression (Burr et al., 2019). DFT1 also has a hemizygous deletion in
B2m (Stammnitz et al., 2018), resulting in lower cell surface expression of classical MHC class |
than normal cells, even when gene expression is upregulated, which may have been an early

mutation in DFT1 prior to total MHC class | downregulation.
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Total loss of MHC class | on the cell surface should prevent recognition by T cells but may activate
a natural killer (NK) cell response through ‘missing self’ (Ljunggren and Karre, 1990, 1985). It is
important to note that devil NK cell markers are not well defined, making study of these cells
difficult. However, it has been found that devils have functional NK cells that engaged in cytotoxic
killing of human HLA-null cancer cell line, K562, though this response was not seen against DFT1
cells (Brown et al., 2011). Thus, it is predicted that DFT1 is employing additional mechanisms to
avoid host immune responses. Tasmanian devils have PD-1 and PD-L1 proteins, which can be
transiently upregulated in DFT1 cells in response to IFNy, but were not constitutively expressed
(Flies et al., 2016). PD-L1 was also expressed in DFT1 tumours infecting immunised devils
(Patchett et al., 2021). Therefore, this could be a method for immunosuppression by DFT1 cells.
Also, non-classical MHC class |, Saha-UD and Saha-UK were expressed in a DFT1 tumour biopsy
(Cheng and Belov, 2014) and are expressed in DFT1 cell lines (Caldwell et al., 2018; Gastaldello et
al., 2021). Due to the potential of Saha-UD for peptide presentation, the low polymorphisms for
Saha-UD in the population, and lack of polymorphism in Saha-UK, their expression may be
immunosuppressive; therefore, expression by DFT1 could be a mechanism for host immune

evasion.

1.4.5 Immune evasion by DFT2

With DFT2 emerging more recently, less is known about host immune responses to DFT2. Six DFT2
biopsies have been stained by immunohistochemistry (IHC) for CD3, a marker for T cells (Caldwell
et al., 2018). Four had CD3+ cells, two of these were localised to the stroma, while the other two
had some infiltration among tumour cells. The remaining two tumours had no CD3+ cells, though
this may vary in a different section of the tumour. This shows devils can generate immune
responses against DFT2 cells, but that immune responses are variable. Therefore, DFT2 may be

evolving immune evasion mechanisms.

In contrast to DFT1, DFT2 expresses classical MHC class | on the cell surface (Caldwell et al., 2018),
which should be immunogenic to hosts with disparate MHC class | genotypes. Though little is
known about the immune response to DFT2, it has been observed that DFT2 has been limited to
circulation within devil populations in the d’Entrecasteaux peninsula (South-Eastern Tasmania)
(James et al., 2019; Kwon et al., 2018), where the cancer was discovered. DFT2 was found to share
several alleles that appear to be common in the d’Entrecasteaux peninsula, as shown in Table 1.4
(from Caldwell et al., 2018). This may have resulted in less pressure from host immune systems

for the development of immune escape mechanisms, such as MHC class | loss.
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Table1.4 MHC class | alleles expressed by DFT1 and DFT2 cell lines and DFT2 host samples.

From Caldwell et al. (2018). Grey boxes indicate alleles identified for each sample.
Numbers indicate the number of clones identified for each allele when amplifying
classical MHC class | genes with pan-specific primers. Non-classical alleles,

Sahal*32(UD) and Sahal*UK, were amplified with gene specific primers. DFT1 and
DFT2 alleles were identified using cell lines, DFT2 host (Red Velvet, 818, and Snug)

alleles were identified from spleen or kidney biopsies.

NCBlallele name DFT1  DFT2 5:|dve ., 818  Snug
Sahal*46

Sahal*27 22 22 14 2
Sahal*27-1 13 25 13
Sahal*74/88 9

Sahal*35 13 10
Sahal*90 4 1
Sahal*49/82 7

Sahal*97 6 2
Sahal*33 6 2
Sahal*36 2

Sahal*37 5 1
Sahal*29 2 2
Sahal*32(UD)

Sahal*UK

In addition to recognition of mismatched classical MHC class | alleles, CD8+ T cells can recognise
mutated peptides. However, investigation into peptides expressed by DFT2 cells and a fibroblast
cell line, found DFT2 cells expressed a restricted range of peptides, and expression of a common
peptide motif across devil classical MHC class I, potentially reducing the number of mutated
peptides presented by MHC class | molecules on DFT2 cells (Gastaldello et al., 2021). That said,
loss of Y chromosome has been reported in DFT2 cells (Stammnitz et al., 2023, 2018). Previously
there was bias towards DFT2 infection in males (James et al., 2019; Kwon et al., 2018) and loss of
the Y chromosome was first observed in DFT2 cells infecting a female devil (Stammnitz et al.,
2018). This fits with the expectation that the Y chromosome is immunogenic in female hosts,
suggesting MHC class | molecules are able to present antigenic peptides, such as those from the Y
chromosome. Additionally, DFT2 cells have been shown to upregulate PD-L1 expression in

response to IFNy, thus providing a potential immune suppression mechanism (Flies et al., 2016).
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While classical MHC class | is still expressed by DFT2 cells, across the six tumour biopsies stained
for MHC class | expression, expression levels were variable (Caldwell et al., 2018). Therefore, the
retention of MHC class | may be limiting the cancer to circulation among devils with a similar MHC
class | genotype (Caldwell et al., 2018). As DFT2 encounters devils with disparate classical MHC
class | genotypes, greater selective pressure from the immune system is predicted and,

consequently, we would expect evolution of immune escape mechanisms by DFT2.
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1.5 Hypotheses and aims

1.5.1 Hypotheses

1) DFT2 is losing classical MHC class | expression during progression through the devil

population.

DFT2 cells lines and tumours express classical MHC class | (Caldwell et al., 2018). As DFT2 has
circulated in the d’Entrecasteaux peninsula where it first emerged, it is hypothesised that it has
mostly encountered devils with similar MHC class | genotypes (Caldwell et al., 2018), therefore
has not been subjected to host T cell responses, so there has been little pressure for
downregulation of classical MHC class I. As the cancer continues to spread through the devil
population it will encounter disparate MHC class | genotypes. As a result, we hypothesise that
DFT2 will downregulate classical MHC class | alleles uncommon in the population in response to

host T cell activation, via selective downregulation or total loss of classical MHC class |.

ril

Loss of
MHC
class |

.

Figure 1.11 DFT2 hypothesis

(Left) DFT2 cells still express classical MHC class | and is hypothesised to circulate in

devil populations with similar MHC class | genotypes (Caldwell et al., 2018), therefo

re

has not been subjected to T cell responses. (Right) As the cancer continues to spread

and encounters disparate genotypes, we would expect downregulation of alleles
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uncommon in the population in response to host T cell activation, via selective

downregulation or total loss of classical MHC class I. Created with BioRender.com.

2) DFT1 expresses non-classical MHC class | to evade the host immune response.

To evade the host immune system DFT1 has downregulated classical MHC class | expression via
epigenetic mutations (Siddle et al., 2013). While this lack of classical MHC class | on the cell
surface will prevent T cell recognition, it may result in the activation of NK cells due to ‘missing
self’. Non-classical MHC class | genes are expressed in DFT1 cell lines (Caldwell et al., 2018;
Gastaldello et al., 2021) and a DFT1 tissue biopsy (Cheng and Belov, 2014). Due to their predicted
immunosuppressive functions, we hypothesise that non-classical genes may be expressed by DFT1
tumours as a ligand to inactivate NK cells, while also avoiding a T cell response due to low

polymorphisms.

T Cell T Cell

'
o
.................. >
e NK Cell

Lack of MHC class | Non-classical
Expression expression

NK Cell

Figure 1.12 DFT1 hypothesis

In DFT1 there is a lack of classical MHC class | on the cell surface (Siddle et al., 2013).
This prevents T cell recognition but should activate NK cells due to ‘missing self’. Non-
classical MHC class | molecules are often involved in immunosuppression and have
been found expressed in DFT1 samples (Caldwell et al., 2018; Cheng and Belov, 2014;
Gastaldello et al., 2021). Therefore, we hypothesise that non-classical genes may be
expressed by DFT1 cells as a ligand to inactivate NK cells while also avoiding a T cell

response due to low polymorphisms. Created with BioRender.com.
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1.5.2 Aims

Hypothesis 1

Aim 1: Investigate whether classical MHC class | expression is being lost in primary DFT2 tumours.

Aim 2: Examine whether there is an immune response against tumours that express classical MHC

class I.

Aim 3: Investigate classical MHC class | mismatch between tumour and host as a driver of MHC

class | loss by DFT2.

Hypothesis 2

Aim 4: Determine whether loss of classical MHC class | expression is widespread in DFT1 tumours.
Aim 5: Investigate non-classical MHC class | expression in primary DFT1 tumours.

Aim 6: Investigate whether non-classical MHC class | expression correlates with a ‘colder’ tumour

immune environment.
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Chapter 2 Materials and methods

2.1 Collection and processing of Tasmanian devil samples

Tissue samples were collected by Dr Rodrigo Hamede (University of Tasmania), Prof Gregory
Wood (Menzies Institute for Medical Research), or Dr Elizabeth Murchison (University of
Cambridge). Wild Tasmanian devils were either trapped or found dead from road trauma or other
causes. Tissue biopsies were collected post-mortem or from live devils, which were subsequently
released, as part of other studies. Tumour biopsies were formalin fixed (10% neutral buffered
formalin) for 2 to 4 days, and subsequently processed and embedded in paraffin blocks, or were

stored in RNAlater. Ear biopsies were stored in RNAlater.

All animal procedures were performed under a Standard Operating Procedure approved by the
General Manager, Natural and Cultural Heritage Division, Tasmanian Government Department of
Primary Industries, Parks, Water and the Environment (DPIPWE), in agreement with the DPIPWE
Animal Ethics Committee, or under University of Tasmania Animal Ethics Committee Permit
A0014976, A0016789, or AEC 27141. Tasmanian devil samples used in this thesis are listed in
Table A 1 and sample collection locations shown in Figure 2.1. A complete metadata spreadsheet

for these samples is available at https://doi.org/10.5258/SOTON/D3092.

Two DFT1 tumour samples came from devils, Grommit and Tiarna, immunised with irradiated cell
line DFT1_C5065 (protocol detailed in (Kreiss et al., 2015)). C5065 (RRID:CVCL_LB79) is a cell line
established from a DFT1 biopsy in 2005. Despite irradiation of the cell line, tumours grew at the
site of inoculation. Christine was inoculated with DFT1_C5065 as part of a transmission trial (A
Kreiss 2022, personal communication). Immunisation and transmission trial procedures were
approved by The University of Tasmania Animal Ethics Committee, under permit numbers A9215

and A11436.
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Figure 2.1 Map of sample locations

Map of Tasmania showing trapping locations for tissue samples used in this thesis.
Due to proximity, Snug Tiers represents Snug Tiers and Snug, and Lonnavale
represents Lonnavale and Southwood Road. Orange square markers represent sites
from which devils were captured and later inoculated with DFT1 cell lines in
immunisation and transmission trials (as detailed in Section 2.1 above); at all other

sites DFT1 and/or DFT2 samples were taken from wild Tasmanian devils.

2.2 Cell Culture

The cell lines used in this thesis are detailed in Table A 2. Three DFT1 cell lines, 1426, 4906, and
C5065, and two DFT2 cell lines, RV and SN, were used in this thesis (See Table A 2 for alternative
names). DFT cell lines were cultured in RPMI 1640 with glutamine (Gibco 61870-010), with
penicillin/streptomycin (100 units/ml penicillin and 0.1 mg/ml streptomycin) or 50 pg/ml
gentamicin, 10% (v/v) foetal calf serum (filtered), at 35 °C and 5% CO,. They were passaged 1:3

every 3 days or when 80% confluent.

Hybridoma cell lines producing antibodies against devil-MHC class | and IFNy (Caldwell, 2018;
Caldwell et al., 2018), were cultured in RPMI 1640 with glutamine (Gibco 61870-010) with
penicillin/streptomycin (100 units/ml penicillin and 0.1 mg/ml streptomycin) or 50 ug/ml
gentamicin, 10% (v/v) foetal calf serum (filtered), at 37 °C and 5% CO,. Cells were passaged 1:5
every 3 days, into a 50:50 mixture of conditioned and fresh media. Once cells were at 80%
confluence, the media was replaced and cells were incubated for 24-48 hours; after which the

media was collected, centrifuged twice at 500 g for 5 min and the supernatant filtered through a
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0.22 um filter to remove any remaining cells. Hybridoma supernatant containing antibodies was

used in IHC and Western blots as listed in Table A 3.

Chinese Hamster Ovarian (CHO) cell lines were previously transfected to produce devil IFNy,
CHO_SahalFNy (Siddle et al., 2013). Supernatant from culture of CHO_SahalFNy was used to
upregulate B.m expression in DFT1_4906, restoring classical MHC class | expression on the cell
surface (see Section 2.2.1 below). CHO and CHO_SahalFNy cell lines were cultured in Hams F-12
with glutamine (Gibco 31331-028), and penicillin/streptomycin (100 units/ml penicillin and 0.1
mg/ml streptomycin) or 50 ug/ml gentamicin, 10% (v/v) foetal calf serum (filtered), at 37 °C and
5% CO,. Cells were split 1:10 every 3 days. Supernatant was collected after 30 hr. The supernatant
was centrifuged at 500 g for 5 min and filtered using a 0.45 um filter before being applied to DFT

cells.

221 IFNy treatment of devil cell lines

To upregulate classical MHC class | expression on the cell surface of DFT cell lines, and investigate
DFT phenotypes in an inflammatory immune environment, DFT1_4906 and DFT2_RV were treated
with supernatant from culture of CHO_SahalFNy (see Section 2.2 above), containing devil IFNy
(Siddle et al., 2013). Once the DFT cells were 80% confluent, they were treated with 50%
CHO_SahalFNy supernatant, 50% fresh RPMI media for 48 hr.

Upregulation of Bom from IFNy treatment was confirmed using flow cytometry (detailed in
Caldwell, 2018 and Owen, 2019). Briefly, 2x10° DFT cells per antibody or control, kept cold
throughout, were incubated with 1 pg/ml anti-B,m antibody (13-34-48; Caldwell et al, 2018) for
30 min, then incubated with 2 ug/ml secondary antibody (goat anti-Mouse 1gG (H + L) Alexa Fluor
488; ThermoFisher Scientific) for 30 min in the dark, resuspended in 200 ul propidium iodide (1
ug/ml), and analysed on a Guava® easyCyte™ SL system (Millipore) using guavaSoft 3.3 software.
DFT cells treated with supernatant from untransfected CHO cells were used as a control. IFNy-

treated cells were used for paraffin embedding (Section 2.2.3) and PCRs (Section 2.3).

2.2.2 Cell lysis

Media was removed, and DFT or CHO cells detached from the culture plate using TrypLE™ Express
(Gibco 12605-010). Cells were centrifuged at 400 g for 5 min and resuspended in cold 1X PBS.

Once harvested, cells were kept on ice.

Cells were counted using a hemacytometer, centrifuged and resuspended in cold lysis buffer (30

Mm NaCl, 50 mM Tris-Cl pH8, 1 mM MgCl,, 1% NP-40, 1X Halt Protease Inhibitor Cocktail (Thermo
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Scientific, 100X) in ddH,0) at 1x107 cells/ml. The tubes were inverted on a tube rotator at 17 rpm
for 45 min at 4 °C. The resulting lysate was centrifuged at 12,000 rpm for 20 min at 4 °C. The

pellet was discarded, and the supernatant kept for use in Western blots (see Section 2.4.4).

2.2.2.1 Bradford assay

Prior to use in Western blots, the protein concentration of cell lysates was determined by
Bradford assay. Lysates were diluted 1:2, 1:5 and 1:10 in lysis buffer and 5 pl added to a 96-well
plate (transparent bottomed). Protein standards were created using a 1 mg/ml BSA stock in lysis
buffer as shown in Table 2.1 below. Two replicates were included for each protein standard and
sample dilution. To each well, 250 ul of room temperature Bradford reagent (1X working solution,
Thermo Scientific 1856209) was added, and the plate incubated for 5 min at room temperature.

The absorbance at 585 nm was read on a POLARstar Omega plate reader (BMG Labtech).

Table 2.1 Bradford assay protein standards

Protein standard |Volume of 1 mg/ml| Volume of lysis Bradford reagent
(mg/ml) BSA stock (pl) buffer (ul) 1X (ul)

0 0 5 250
0.2 1 4 250
0.4 2 3 250
0.6 3 2 250
0.8 4 1 250

1 5 0 250

The mean absorbance for the protein standards was used to create an absorbance curve, which
the mean absorbance for the sample dilutions was compared against, and the protein
concentration multiplied by the dilution factor. If the sample dilution mean absorbances were
higher than the mean absorbance for the 1 mg/ml protein standard, the Bradford assay was

repeated with higher sample dilutions.

223 Formalin fixation and paraffin embedding

To test antibodies and investigate protein expression by DFT cells, cell lines were fixed in formalin,
suspended in Cytoblock™ matrix (Epredia™ Cytoblock 10446640), and embedded in paraffin
blocks for use in IHC. DFT or CHO cells detached from the culture plate using TrypLE™ Express

(Gibco 12605-010) were centrifuged at 400 g for 5 min and resuspended in media for counting.

38



Chapter 2

Once harvested, cells were kept on ice until fixed. 4x10° cells were transferred to a 1.5 ml tube,
centrifuged (400 g for 5 min) and resuspended in 500 pl of cold, sterile TBS (0.1 M TBS, 0.14 M
sodium chloride, 2 mM potassium chloride, pH 7.4). Cells were fixed in 2% formaldehyde (adding
500 ul of 4% paraformaldehyde to the cell suspension) for 10 min at room temperature, before
being centrifuged (500 g for 5 min) and washed twice in 1 ml sterile TBS. Finally, cells were
centrifuged at 400 g for 10 min at 20 °C and the supernatant removed. The cells were
resuspended in 1 drop of Cytoblock™ Reagent 2, following which 1 drop of Cytoblock™ Reagent 1
was added and the tube vortexed immediately. The cell matrix was embedded into paraffin blocks

on the same day.

Varying cell numbers were trialled for the cell matrix: 2x10°, 4 x10°, 6 x10°, and 2 x10’. Following
IHC staining (for protocol see Section 2.5.1), 4x10° was determined to be the optimal number and
was used for all experiments where possible, as listed in the protocol above. 4906, RV, CHO, and
CHO_SahalFNy were used at 4x10°; however, IFNy-treated DFT cell lines, 4906-gamma and RV-
gamma, were embedded at 2x10° and 1x10° respectively, as they did not reach high enough cell

numbers.

2.3 Polymerase Chain Reaction (PCR)

23.1 RNA extraction
23.1.1 Tissue samples

RNA from Tasmanian devil tissue samples was extracted using TRIzol™ Reagent (Sigma-Aldrich)
according to the manufacturer’s instructions. For tumours and spleen, 10-20 mg of tissue was
used for extraction. As host ear biopsies were smaller tissue samples, between 0.8-10.2 mg of
tissue was used, depending on the size of the sample. The tissue was homogenised in 500 pl
TRIzol™ Reagent using a 2 cm? tissue grinder (Thermo Fisher). Homogenate was transferred to a
1.5 ml tube, centrifuged at 12,000 g for 10 min at 4 °C and the clear supernatant transferred to a
fresh tube. At this point samples were either stored at -80°C for up to a month or processed
immediately. Between uses tissue grinders were cleaned with detergent in hot water using a

spout brush and sprayed with 70% ethanol.

Samples were incubated at room temperature for 5 min, after which 500 ul of 1-bromo-3-
chloropropane was added. Sample were shaken vigorously for 15 s and left to stand at room
temperature for 10 min. The mixture was centrifuged at 12,000 g for 15 min at 4 °C. This is phase
separation, where the mixture separates into 3 phases: bottom red organic phase (protein),

middle white interphase (DNA), and top colourless aqueous phase (RNA). The top aqueous phase
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was transferred to a fresh 1.5 ml tube by pipetting, being careful not to pipette any of the white
interphase, otherwise there would be DNA contamination. The organic phase and interphase

could be stored at 2-8 °C for subsequent isolation of protein and DNA.

Due to the small size of the host ear biopsies, the aqueous phase was very thin, therefore it was
difficult to obtain a sufficient volume without interphase contamination. For these samples, the
aqueous phase was pipetted into Phasemaker™ tubes (A33248. Invitrogen) to remove
contaminating DNA. Prior to use, the Phasemaker™ tubes were centrifuged at 14,000 g for 30 s.
Once the aqueous phase was added, the tubes were centrifuged at 14,000 g for 5 min at 4 °C and

the supernatant transferred into a fresh 1.5 ml tube.

To the isolated interphase, 250 pl of 2-propanol was added and mixed by inversion. Samples were
incubated at room temperature for 8 min, then centrifuged at 12,000 g for 10 min at 4 °C. The
supernatant was discarded, and the RNA pellet washed in 500 ul of 70% ethanol, vortexed, and
centrifuged at 7,500 g for 5 min at 4 °C. Supernatant was removed by pipetting and the RNA pellet
air-dried for 5-15 min. The RNA pellet was resuspended in 15 pl of RNase-free water (or 30 ul for
tumour or spleen samples greater than 10 mg) by pipetting. RNA concentration was determined
using a Nanodrop spectrophotometer at 260nm absorbance. Extracted RNA was kept on dry ice

and reverse transcribed immediately or stored at -80 °C for future use.

2.3.1.2 Cultured cells

The NucleoSpin RNA kit (Macherey-Nagel) was used to extract RNA from cells lines according to
the manufacturer’s instructions. Cells were washed with PBS and centrifuged at 300 g for 5 min.
The supernatant was removed and 350 pl Buffer RA1 and 3.5 pl B-mercaptoethanol added to
1x10°-5x10° cells in a 1.5 ml tube and vortexed vigorously. The lysate was filtered through a
NucleoSpin® Filter at 11,000 g for 1 min. To the filtered lysate, 350 pl of 70% ethanol was added
and mixed by pipetting. The lysate was added to a NucleoSpin® RNA Column and centrifuged at
11,000 g for 30 s, after which the column was placed in a fresh collection tube. The column
membrane was desalted using 350 ul Membrane Desalting Buffer and centrifuging at 11,000 g for
1 min. To digest DNA, 95 ul rDNase reaction mixture was added to the column membrane and
incubated at room temperature for 15 min. The membrane was washed 3 times, first with 200 pl
Buffer RAW2, then 600 pl Buffer RA3, both centrifuged at 11,000 g for 30 s, and finally 250 ul
Buffer RA3, centrifuged at 11,000 g for 2 min. RNA was eluted in 30-40 pl RNase-free water and
centrifuged at 11,000 g for 1 min.
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RNA concentration was measured using a Nanodrop spectrophotometer at 260nm absorbance.
Extracted RNA was kept on dry ice and reverse transcribed immediately or stored at -80 °C for

future use.

2.3.2 Reverse transcription

1 ug of RNA was reverse transcribed to cDNA, or up to 11 pl if the RNA concentration was 9 ng/ul
or less, using the RevertAid First Strand cDNA Synthesis kit (Thermo Fisher) according to
manufacturer’s instructions. Reverse transcription reagents are detailed in Table 2.2 and reverse
transcription reaction conditions are summarised in Table 2.3 below. Reagents for Step 1 were
added to a 0.2 ml PCR tube, heated at 65 °C for 5 min, then chilled on ice. To the reaction mixture,
reagents from Step 2 were added, heated at 45 °C for 60 min, then 70 °C for 5 min. The cDNA was

stored at -20 °C for future use in PCR amplification (See Section 2.3.3).

Table 2.2  Reverse transcription reagents

Step 1
Reagent Amount
Template RNA 1000 ng
Oligo (dT) primer 8.33 uM
Water To total
TOTAL 12 pl

Step 2
Reagent Amount
Mixture from Step 1 12 ul
5X reaction buffer 1X
RiboLock RNase inhibitor 20U
dNTP mix 1mM
RevertAid Reverse 200U
Transcriptase
TOTAL 20 pl
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Table 2.3  Reverse transcription reaction conditions

Step Temperature (°C) |Length (min)
1 65 5
Chill onice
2 45 60
70 5
233 PCR amplification

To investigate expression of non-classical MHC class |, Saha-UD, Dev Men UD primers (Caldwell et
al., 2018) were used to amplify Saha-UD by PCR. RPL13A primers (Siddle et al., 2013), amplifying a
ribosomal protein, were used as a control. Primers and annealing temperatures are listed in Table
2.4. 500 ng of cDNA from tissue or cell lines was amplified using Phusion High-Fidelity DNA
Polymerase (Thermo Fisher), according to the manufacturer’s instructions (see Table 2.5 for PCR

reagents and Table 2.6 for PCR conditions) and appropriate negative controls.
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sequencing)

Gene Amplified Primer Names Primer Sequence (5’ -> 3’) Product Annealing
Length (bp) Temperature
(°c)
Non-classical MHC Class | Sahal38 GCCATATGGGCTCTCACTCCTTGAGGTATTTCGGCACCAC 1044 63
Saha-UD (exon 2-4)
Saha48 ATGCAAGCTTGGCTTTGGCTGTCAGAGAGACATCTGACC
RPL13A Sahal20 ACAAGACCAAGCGAGGCCAGG 300 60
Sahal21 GCCTGGTATTTCCAGCCAACCTCA
Non-classical MHC Class | Dev Men UD (F) |ATGGAGAATGTGGACCGGGAC 275 60
Saha-UD
Dev Men UD (R) |TGAGTTCACTGCCTCATTCACT
Classical MHC class | Saha- | Saha428 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCGTGGGCTACGTGGACGATCAGC 363 60
UA, -UB & -UC (addition of
adaptors for lllumina MiSeq | sahad29 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGTCGTAGGCGAACTGAAG
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Table 2.5 PCR reagents
Reagent Final
Concentration
cDNA 250ng or 500 ng
DNA polymerase
(Thermo Fisher 05U
Phusion)
Primers 0.6 UM each
dNTPs 200 uM
Phusion High
1X

Fidelity buffer

To total volume of

ddH,0
25 ul
Table 2.6  PCR amplification conditions
Cycle Element | Temperature |Time (s) Number of
(°C) Cycles
Initial
98 30 1
denaturation
Denaturation |98 10
Temperatures
Annealing for primersin |30 30
Table 2.4
Elongation 72 30
Final
72 300 1
Elongation
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234 Agarose gel electrophoresis

Following PCR amplification, PCR products were run on an agarose gel to confirm gene expression
of Saha-UD. To the 25 ul PCR reaction mixture, 5 pl of 6X loading dye was added. For each sample,
13 ul was added per well. PCR products were run on a 1.2% (w/v) agarose gel with GelRed, at
110V for 35 min, or until the dye front reached the edge of the gel. Agarose gels were visualised

using SynGene PXi machine and SynGene software.

For host genotyping (see Section 2.6.1), 5 pl of PCR product per sample replicate was run on an

agarose gel to confirm amplification prior to sequencing.

2.4 Antibody generation and validation

24.1 Antibodies against devil MHC class |

Antibodies against Tasmanian devil MHC class | molecules were previously designed and validated
in our lab (Caldwell et al., 2018). These were against non-classical Saha-UK, using peptide
sequence ‘RITHRTHPDGKVTL’ from the alpha-3 domain of the molecule, and a pan-specific
antibody for classical Saha-UA, -UB and -UC, against peptide sequence ‘WMEKVQDVDPGYWE’

from the alpha-1 domain (Figure 2.2).

For generation of an antibody against non-classical Saha-UD, MHC class | transcripts representing
all known devil MHC class | alleles (from Caldwell and Siddle, 2017) were aligned and translated
into protein sequences using CLC workbench (Caldwell et al., 2018). The a1l domain was manually
assessed for regions of low amino acid identity between Saha-UD alleles and the classical MHC
class | (Saha-UA, -UB and -UC) and Saha-UK (Figure 2.2). Using this sequence, the peptide
‘WIEKMENVDRDYWE’ was synthesised for immunisations against Saha-UD (Caldwell, 2018). The
protocol for immunization and hybridoma generation was undertaken by our collaborator, Prof
Karsten Skjgdt (University of Southern Denmark). Briefly, mice were immunised subcutaneously
twice with a mixture of GERBU adjuvant and WIEKMENVDRDYWE-C coupled to diphtheria toxoid,
with a final boost of antigen without GERBU given by intravenous injection. Three days later
spleen lymphocytes were fused with the SP2 cell line and hybridomas selected based on reactivity

in ELISA against the peptide.

Supernatant from the candidate antibodies was subsequently screened against Tasmanian devil
spleen samples by IHC (for protocol, see Section 2.5) (Hussey, 2018) and verified against
recombinant MHC class | by western blot. Two anti-Saha-UD antibodies selected by IHC screening

(Hussey, 2018) were tested for specificity using Western blot on recombinant proteins for devil
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MHC class I, classical Saha-UC, non-classical Saha-UD, and non-classical Saha-UK. Further details of
recombinant protein production and Western blotting are included in Sections 2.4.3 and 2.4.4

respectively.

SahaUA

SahalUB
SahaucC
SahaliC
SahaUD
SahaUR

Saha-UA, -UB &-UC
WMEKVQDVDPGYWE
WMEKVKDVDPGYWE

Saha-UD
WIEKMENVDRDYWE

Saha-UK
WLDKSN~~~QNYWE

MHC Class |
Saha-UD

Figure 2.2 Devil MHC class | peptide sequences used for antibody generation.

Antibodies were generated against the peptide sequence ‘WIEKMENVDRDYWE’ from
the alpha-1 domain of the non-classical MHC class |, Saha-UD heavy chain protein.
This sequence differs from the classical MHC class | (Saha-UA, -UB, and -UC) and non-
classical Saha-UK sequences, shown in the amino acid alighment. A putative model of
the Saha-UD molecule is shown, with the antibody epitope in grey. In the grey box,
red indicates where the sequences differ. An antibody against the Saha-UA-UB-UC
was generated previously, using the sequence ‘WMEKVQDVDPGYWE' from the
alpha-1 domain (Caldwell, 2018).

2.4.2 Antibody against devil-IFNy

Antibodies against devil-IFNy have previously been generated in our lab (Caldwell, 2018). In
summary, recombinant devil IFNy protein was produced by Dr Hannah Siddle and used to
immunise mice by Prof Karsten Skjgdt, following a similar immunisation protocol to MHC class |
antibodies (described above). Thirty-one antibodies against IFNy were screened by Dr Alison

Caldwell for use in Western blot, flow cytometry, immunocytochemistry, and IHC. All 31
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antibodies recognised denatured devil IFNy by Western blot. Antibodies were screened for IHC by
staining devil spleen samples and a DFT1 tumour. One antibody, a-IFNy_13-44-6, worked by IHC
and was validated by blocking the antibody using IFNy produced by CHO_SahalFNy, prior to use

for further IHC staining.

243 Recombinant MHC class | protein production

Recombinant devil MHC class | heavy chain proteins were used to determine the specificity of
anti-Saha-UD antibodies, specifically Saha-UC (Sahal*27), Saha-UK, and Saha-UD (Sahal*32). MHC
class |, classical Saha-UC and non-classical Saha-UK full length recombinant proteins were
previously generated in our lab (Caldwell, 2018; Caldwell et al., 2018). To validate anti-Saha-UD
antibodies, a recombinant protein for non-classical Saha-UD was generated using the same
method. In summary, exons 2 — 4 (a1, a2 and a3 domains) from Saha-UD were amplified from the
full gene sequence (Ensembl identifier: ENSSHAG00000010776.2) using primers Saha-138 and
Saha-48 (Table 2.4). The subsequent amplicons were cloned into the pET22b* vector (Novagen),
by digestion with Ndel (Promega R680A) and sticky end cloning with T4 ligase (Promega M180A),
then transformed into competent dh5a E. coli cells. The resulting plasmid produces a
recombinant Saha-UD protein with a 6xHis-tag at the C-terminal. Clones from single colonies were
grown in LB with ampicillin (100 pg/ml) for 12 hours at 37 °C with shaking. To confirm dh5a
colonies had been transformed with the plasmid, a colony PCR was performed using Dev Men UD
primers (Table 2.4) and 2 ul of bacterial broth; PCR reagents are listed in Table 2.7 below and PCR
conditions as detailed in Table 2.6, using 22 cycles rather than 30 cycles for denaturation,

annealing, and elongation steps.

Table 2.7 PCR reagents for colony PCR

Reagent Final

Concentration

Bacterial broth 2 ul

2X master mix

1X
(VWR Taq)
Primers 0.2 uM each

To total volume of
ddH,0

25 ul
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Plasmids were isolated from positive colonies using the NucleoSpin Plasmid kit (Macherey-Nagel)
and the transcripts sequenced in both directions by Eurofins genomics using T7 and sp6 vector
primers. pET22b*-SahaUD plasmids with the correct sequence were transformed into Rosetta
pLysS cells (Novagen) using 3 ng/ul of plasmid. Bacterial colonies containing the plasmid were
cultured with LB with ampicillin (150 pg/ml) at 37 °C with shaking to ODego 0.6, and protein
expression induced with 1mM isopropyl B-D-1-thiogalactopyranoside (IPTG). Following addition of
IPTG, the bacteria were cultured for 4 hours at 37 °C with shaking. Samples were taken prior to
protein induction and every 1 hr after by removing 1 ml of culture, which were used to confirm
protein induction (see Section 2.4.4.1). The bacterial culture was analysed directly on a Western

blot for anti-Saha-UD antibody validation (see Section 2.4.4.2).

244 SDS-PAGE and Western blotting
244.1 Confirming induction of non-classical MHC class |, Saha-UD protein production

To ensure that each bacterial culture analysed by Western blot had approximately the same
number of cells, the samples were normalised to the turbidity of bacterial suspension prior to

protein induction (To). The volume used from each sample was calculated based on its OD
(600nm) using the following equation: Volume of bacterial culture (ul) = % x 250 ul.

Calculated volumes of bacterial culture were centrifuged at 13,000 rpm for 1 min, resuspended in
25 ul loading buffer (500 ul 2X Lamelli sample buffer, 50 ul B-mercaptoethanol and 450 ul dd-H,0)
and heated at 95 °C for 10 min. 20 ul of each sample was run by Sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE). Gels were stained with Coomassie blue and used
for Western blots with antibodies against myc and 6xHIS (which will recognise tags on the
recombinant proteins; antibodies listed in Table A 3) to confirm induction of Saha-UD protein

production (see Sections 2.4.4.4, 2.4.4.5 and 2.4.4.6 for protocols).

24.4.2 Testing the specificity of anti-Saha-UD antibodies

To test the specificity of anti-Saha-UD antibodies, recombinant MHC protein (see Section 2.4.3)
was analysed on a Western blot (see Sections 2.4.4.4 and 2.4.4.6). 6 ug of Saha-UC or Saha-UK
recombinant protein was added to a 1.5 ml tube, made up to a total volume of 25 pl with loading
buffer (500 pl 2X Lamelli sample buffer, 50 pl B-mercaptoethanol and 450 ul dd-H,0). The Saha-
UD recombinant protein was used following protein induction but prior to protein purification;
the IPTG-induced cell suspension was centrifuged at 13,000 rpm for 1 min and resuspended in 25

ul loading buffer. The volume centrifuged was calculated based on the OD (600 nm) of the

48



Chapter 2

suspension, to give approximately the same number of cells as in 250 ul of a suspension at OD

(600 nm) 0.6. Both preparations were heated to 95 °C for 10 min and 20 pl added per well.

2443 Testing the specificity of anti-IFNy antibodies

Anti-IFNy antibody, 13-44-6, was previously screened and validated by antibody blocking for use
in IHC (Caldwell, 2018), see Section 2.4.2 for more information. To validate the specificity of a-
IFNy_13-44-6, CHO_SahalFNy cell lysate, and untransfected CHO lysate as a control, were
analysed on a Western blot (see Sections 2.4.4.4 and 2.4.4.6). 30 ug of cell lysate was added to a
1.5 ml tube and made up to a total volume of 25 pl with loading buffer (500 ul 2X Lamelli sample
buffer, 50 ul B-mercaptoethanol and 450 pl dd-H,0). Samples were heated to 95 °C for 10 min to
denature the proteins and 20 pul added per well. Anti-IFNy antibody, 13-44-6 was further validated
using CHO and DFT FFPE cell lines by IHC (protocol detailed in Section 2.5.1).

24.4.4 SDS-PAGE

Samples were analysed on a 12% acrylamide gel (National Diagnostics ProtoGel® 30%), with a 4%
stacking gel. Gels were loaded with 20 pl sample, 5 pl protein ladder (Fisher PageRuler™ or Sigma
BLUeye), and 5 ul loading buffer (500 pl 2X Lamelli sample buffer, 50 ul B-mercaptoethanol and
450 pl ddH,0) in unused wells to keep the shape of the gel. Gel was run using running buffer (2.5
mM Tris, 19.2 mM glycine, 1% SDS, ddH,0) and Fisherbrand™ Vertical Gel Tank at 200 V for 1 hr,
or until the appropriate protein marker had run to the bottom of the gel. Gels were either stained
with Coomassie blue (Section 2.4.4.5) or transferred to a nitrocellulose membrane for Western

blotting (Section 2.4.4.6).

2445 Coomassie blue staining

To visualise proteins, SDS-PAGE gels were stained with Coomassie blue (45% (v/v) methanol, 45%
(v/v) ddH,0, 10% acetic acid, 121 uM Coomassie R-250) overnight; followed by fix/destain
solution (7.5% (v/v) acetic acid, 10% (v/v) methanol, 82.5% (v/v) ddH,0) until protein and ladder

bands were clearly visible. Both steps were performed at room temperature with rocking.

2446 Western blotting

Proteins were transferred from the SDS-PAGE gel to a nitrocellulose blotting membrane
(Amersham Protran GE Healthcare Life Sciences) in 1X transfer buffer (2.5 mM Tris, 19.2 mM
glycine, 20% (v/v) methanol, ddH,0) using a vertical gel tank (Geneflow) on a magnetic stirrer.

Transfer was run at 100 V for 1 hr at 4 ° C.
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Non-specific binding was blocked for 1 hr with 5% milk powder in TBST (150 mM NacCl, 0.1% (v/v)
Tween20, 5% (w/v) milk powder, 50 mM TrisCl (pH 8)). The membrane was washed in TBST (150
mM NacCl, 0.1% (v/v) Tween20, 50 mM TrisCl (pH 8)) 3 times for 10 min each, then incubated with
neat hybridoma supernatant (antibodies listed in Table A 3) at 4 °C overnight on a roller.
Membranes were washed with TBST (10 min x 3), incubated with secondary antibody (IRDye®
680RD Goat anti-Mouse IgG (H + L)) in 5% milk in TBST for 1 hr at room temperature, and washed
in TBST (10 min x 3). All steps were performed on a roller and at room temperature unless stated

otherwise. Membranes were visualised using the LI-COR Odyssey® scanner.

2.5 Immunohistochemistry (IHC)

Formalin-fixed paraffin-embedded (FFPE) tissue samples were cut using a microtome at a
thickness between 4-6 um, or up to 10 um for some tissues if necessary, and mounted onto APES-

coated slides.

Sections were deparaffinized in two changes of xylene for 10 min each, and rehydrated through
graded alcohol (100% I, 100% 11, 95%, 70%) for 5 min each. Antigen retrieval was performed by
water bath (95 °C) in citrate buffer solution (10mM citric acid, 0.05% Tween20, pH 6) for 40 min,
followed by cooling for 15 min. Endogenous peroxidase was blocked by incubation with 3% H,0,
(Sigma Aldrich) for 10 min and non-specific protein binding was blocked with 10% (vol/vol) goat
serum in PBS for 30 min. Sections were incubated with primary antibodies (listed in Table A 3) at
4 °C overnight. Peroxidase-coupled secondary antibody (EnVision Peroxidase/DAB+ kit; Dako) was
used to detect primary antibody binding; incubating sections with HRP for 30 mins and colour
developed with DAB chromogen for 5 mins. Sections were counterstained with haematoxylin
(Vector hematoxylin nuclear counterstain (Gill's Formula) or Sigma-Aldrich haematoxylin (Harris’
Formula, Modified)) for 4 min, differentiated in 2% (vol/vol) acetic acid and blued in 0.2% (vol/vol)
ammoniated water for 2min. Sections were dehydrated through graded alcohol (95%, 100% lI,
and 100% 1) for 5min each, transferred through two changes of xylene for 5 min each, and cover-
slipped (using National Diagnostics Omnimount Histological Mounting Medium). Images were
captured using the Nikon Eclipse 400 microscope, Retiga 2000R camera and Q-capture pro 7

computer software. Scale bars were added to images using ImageJ software.

2.5.1 IHC for embedded cell lines

FFPE cell lines were cut using a microtome at a thickness of 2, 4, 6 and 10 um. Following
preliminary experiments, the optimal thickness was determined to be 4 um, which was used for

all experiments. Slides were stained following the protocol above, excluding the endogenous
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peroxidase blocking step. The cytoblock matrix is removed during the PBS washes, leaving only

the cells. To make visualisation of DAB staining clearer, a weak haematoxylin stain was used.

2.5.2 Expression scoring

To quantify IHC staining with MHC class | antibodies, expression scores were assigned based on
strength of staining of tumour cells. Expression scores ranged from 0 — 4, where 0 indicates no
staining of tumour cells and 4 very strong DAB staining (Illustrated in Figure 2.3). Initially scoring
was assigned by eye, but to reduce subjectivity and streamline analysis, a script was created in Fiji
to automate assignment of expression scores (IHC image processing is illustrated in Figure 2.4).
The scripts for expression scoring are available at https://doi.org/10.5258/SOTON/D3092. In
summary, images were separated into DAB and haematoxylin staining images in ImageJ using the
IHC Profiler plugin (Varghese et al., 2014). Haematoxylin images were manually threshold-ed in
Fiji (Image>Adjust>Threshold) to create an 8-bit binary black & white nuclei image, which was
processed using the script. The nuclei image was distance mapped, where nuclei that were further
apart (Threshold(0, 3)) were removed, to create a mask of the areas of tumour cells. The mask
was set as a region of interest (ROI) and measurements taken from the DAB image (mean
intensity and standard deviation). A subset of tumours previously assigned expression scores by
eye, were used to produce a scoring system for the automated analysis from their mean intensity
(Table 2.8); all other tumours were assigned expression scores using this quantification.
Assignment of expression scores was checked against the raw images with mask applied, and a
manual expression score assigned if not representative. All images analysed were taken at 200x

magnification.
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DFT2

FRck e

hare

Figure 2.3 Expression scoring for MHC class | staining of tumour cells by IHC

Example images for expression scores, quantifying IHC staining, where 0 indicates no
staining of tumour cells and 4 is very strong staining. Samples were stained for
Tasmanian devil classical MHC class | (UABC_15-25-8). Images are taken at 200x
magnification. Positive cells are stained brown and nuclei stained blue. Scale bars =

100 pm.
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Figure 2.4 Processing pathway for IHC expression scoring
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Table 2.8 IHC expression scores

Mean intensities, measured by Fiji, to assign expression scores to DFT samples
stained by IHC. Expression scores were used to quantify strength of staining of
tumour cells for MHC class | and IFNy. ‘0’ indicates no staining and 4 corresponds

with very strong staining.

Expression Score Mean Intensity

0 254.000 - 190.000
1 189.999 —140.000
2 139.999 —99.000
3 98.999 — 60.000

4 59.999 —1.000

2.6 Host MHC class | genotyping

2.6.1 Amplification and addition of adaptors for Next Generation Sequencing (NGS)

For classical MHC class | genotyping of DFT hosts, classical MHC class | genes, Saha-UA, -UB, and -
UC, were amplified by PCR. In total 31 samples were amplified: 12 DFT1 hosts, 17 DFT2 hosts,
DFT1 cell line 4906, and DFT2 cell line RV, using the cell lines as controls. Primers Saha428 (F) and
Saha429 (R) (listed in Table 2.4) were used to amplify classical MHC class | (exon 2-3); adapted
from an established devil classical MHC class | primer set, Saha85 and Saha91 (Siddle et al., 2013),
with the addition of lllumina adaptor sequences (forward adaptor sequence
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG, reverse adaptor sequence
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG) for Next Generation Sequencing (NGS). PCR
reagents are as listed in Table 2.5, with 250 ng of cDNA per sample, and PCR conditions are
detailed in Table 2.9. Two PCR reactions were pooled for each sample to make one replicate for
NGS library preparation (Section 2.6.2). 5ul PCR reaction for each replicate was analysed on an

agarose gel (detailed in Section 2.3.4) to confirm gene amplification before sequencing.
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Table 2.9 PCR amplification conditions for lllumina sequencing

Cycle Element | Temperature |Time (s) Number of
(°C) Cycles
Initial
98 30 1

denaturation

Denaturation |98 10
Annealing 60 30 28
Elongation 72 30
Final
72 300 1
Elongation
2.6.2 Library Preparation

Following PCR amplification and addition of lllumina adaptors (detailed in Section 2.6.1 above),
two PCR reactions were pooled to make a single replicate. Three replicates were used for each
sample; with 31 samples, this gave a total of 93 PCR amplicons for library preparation, which was
performed by Nicola Pratt. (National Oceanography Centre, University of Southampton). 25 pl of
PCR product was purified using AMPure XP beads and eluted in 50 pl 10 mM Tris (pH 8.5). A
random selection of samples was analysed on an Agilent bioanalyzer to confirm presence of PCR
product and removal of residual PCR primers and primer dimers. To add dual indices and lllumina
sequencing adaptors to the PCR amplicons, an Index PCR was performed using 5 pl of cleaned up
PCR amplicon, 25 pl NEBNext Ultra Il Q5 PCR mastermix, Nextera XT Index kit (5 pl each Index
primer), and 10 pl dH,0 (see Table 2.10 for Index PCR conditions). Index PCR products were
cleaned up using AMPure XP beads, eluted in 25 ul 10 mM Tris (pH 8.5) and a selection of samples

analysed on Agilent bioanalyzer to validate the libraries.
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Table 2.10 Index PCR conditions

Cycle Element | Temperature |Time (s) Number of
(°C) Cycles
Initial
95 180 1

denaturation

Denaturation |95 30
Annealing 55 30 8
Elongation 72 30
Final

72 300 1
Elongation

The concentration of Index PCR products was quantified using a Qubit fluorometer and the
concentration normalised across samples by diluting to 4 nM using 10 mM Tris (pH 8.5). 5 ul of
each sample, each with unique indices, was combined to pool the libraries for a single MiSeq run.
Prior to sequencing, the pooled library is denatured using sodium hydroxide and heat. To
denature the DNA into single strands, 5 pl of pooled library was combined with 5 ul of freshly
diluted 0.2 N sodium hydroxide and incubated at room temperature for 5 min. The denatured
DNA was diluted to 4 pM using cold Hybridisation Buffer, first adding 990 ul of Hybridisation
Buffer (MiSeq Reagent Kit v3), then aliquoting 120 ul and further diluting in Hybridisation Buffer
to a final volume of 600 pl. The diluted library is mixed with PhiX control (4 pM, denatured with
0.2 N sodium hydroxide), 570 pl and 30 pl respectively, and kept on ice until heat denaturation.
The combined amplicon library and PhiX control are heat denatured immediately before loading

onto the lllumina MiSeq; the sample was heated at 96 °C for 2 min, then kept on ice for 5 min.

2.6.3 lllumina NGS

NGS was performed by Nicola Pratt on an lllumina MiSeq. Following library preparation, directly
after heat denaturation, 600 ul combined amplicon library was loaded onto a MiSeq v3
sequencing reagent cartridge. MHC class | amplicons, excluding lllumina adaptors, were 296 bp.
The library was sequenced using 300 bp paired end reads. Sequences were de-multiplexed based

on sample specific indices, and forward and reverse reads for each sample output as fastq files.
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2.6.4 Data processing and analysis

Forward and reverse reads for each sample replicate were analysed separately using fastq files.
Illumina adaptor sequences were removed and the reads trimmed for quality using Trimmomatic
(Bolger et al., 2014) v.0.39 (phred 33, sliding window, minimum length 150 bp). Read quality
before and after trimming was assessed using FastQC (Andrews, 2010) v.0.11.9. An index for
alignment was created from MHC class I, Sahal*27 (Ensembl identifier: GQ411435.1) and reads
were aligned (local) using Bowtie 2 (Langmead et al., 2019; Langmead and Salzberg, 2012) v.2.4.2.
Resulting sam files were converted to bam files, sorted, and indexed using SAMtools (Danecek et

al.,, 2021) v.1.16.1.

Dr Jane Gibson (University of Southampton) drafted a script for variant calling MHC class | alleles.
The aligned and sorted reads were variant called using FreeBayes (Garrison and Marth, 2012) v.
1.3.6, calling a ploidy of 6 (assuming 3 genes for classical MHC class 1) across the whole 300 bp
haplotype. Haplotypes were compared to a list of known Tasmanian devil classical MHC class |
allele nucleotide sequences (Caldwell and Siddle, 2017) in FreeBayes, and the called alleles and
read numbers for each replicate collated into an output file. NGS processing and data analysis is

summarised in Figure 2.5.

Alleles called by FreeBayes were recorded in an Excel file for comparison between replicates.
Where the alleles called for one replicate did not match the other two, the discordant replicate
was discarded. Where the alleles called did not match across all replicates, the sample was
discarded. Reverse reads called fewer alleles than the forward reads, as reverse reads did not
always reach the variable region and more reads were lost through trimming due to lower quality;
therefore forward reads were used for host genotype analysis. Scripts are available at

https://doi.org/10.5258/SOTON/D3092
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Figure 2.5 Flow diagram summarising NGS processing and data analysis for Tasmanian devil

MHC class | genotyping.

58



Chapter 3

Chapter 3 Investigation of classical MHC class |

expression in DFT2

3.1 Introduction

Transmissible cancers transmit between individuals as allografts, therefore should be recognised
by the host immune system due to disparate classical MHC class | molecules between tumour and
host. DTF2 expresses classical MHC class | (Caldwell et al., 2018), which has the potential to elicit a
host T cell response. Little is known about the host immune response to DFT2, but a study by
Caldwell et al. (2018) found a small number of tumours are negative for CD3+ cells, despite

expressing classical MHC class |, while others have low levels of infiltrating CD3+ cells.

Six DFT2 tumours were previously stained for classical MHC class | expression (Caldwell et al.,
2018); some still had strong expression of classical MHC class I, while a few tumours had lower
expression levels, suggesting MHC class | expression had been downregulated in these tumours.
As downregulation or loss of MHC class | expression is a common immune evasion mechanism by
cancer cells, and disparate classical MHC class | molecules expressed by DFT2 should elicit host
immune responses, we predict a strong selective pressure for downregulation of MHC class | by
DFT2. Therefore, it is hypothesised that as DFT2 continues to spread through the population, it
will encounter hosts with different classical MHC class | genotypes, resulting in host immune
responses against mismatched DFT2 alleles, creating selective pressure for classical MHC class |

loss by DFT2.

To investigate classical MHC class | loss by DFT2 cells, classical MHC class | expression needs to be
assessed in DFT2 tumours from across the timespan since emergence and the geographic range of
this cancer. Thirty-four DFT2 tumour biopsies, collected between 2014 (close to the emergence of
DFT2) and 2020, were stained by IHC, using a devil-specific classical MHC class | antibody, UABC,
generated in our lab (Caldwell et al., 2018). Expression scores were assigned using novel semi-

automated image processing developed during this project, to quantify staining for analysis.

The biopsies were also stained for CD3 (a T cell marker) and IFN-y (an inflammatory cytokine) to
assess the host immune response against the tumours. The anti-CD3 antibody has been used
previously (Caldwell, 2018; Caldwell et al., 2018) and a devil-specific anti-IFN-y antibody had been
generated and screened in our lab (Caldwell, 2018). The anti-IFN-y antibody was validated by

Western blot and IHC, using formalin-fixed paraffin-embedded cell lines. Immune activation and
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infiltration in the tumours was compared to MHC class | expression scores and host-tumour

mismatch data, to assess the role of MHC class | expression in immune evasion by DFTs.

3.1.1 Aims and objectives

This chapter addresses Hypothesis 1, “DFT2 is losing MHC class | expression during progression

through the devil population” (see Chapter 1 — Section 1.5):

Aim 1: Investigate whether classical MHC class | expression is being lost in primary DFT2

tumours.

Aim 2: Examine whether there is an immune response against tumours that express

classical MHC class I.
The objectives of this chapter are:

1. Stain arange of DFT2 tumour biopsies by IHC using devil-specific classical MHC class |
antibodies.

2. Investigate whether there is a loss of MHC class | over time in DFT2.

3. Validate a devil specific anti-IFNy antibody for use by IHC.

4. Stain DFT2 tumours by IHC for immune markers (CD3 and IFNy)

3.2 Classical MHC class | expression is highly variable in DFT2 tumours.

To investigate changes in classical MHC class | expression by DFT2, 34 tumour biopsies collected
from 22 individuals (supplied by Dr Rodrigo Hamede, University of Tasmania and Prof Elizabeth
Murchison, University of Cambridge) were stained by IHC for classical MHC class | (Saha-UA, -UB,
and -UC) using an antibody previously generated in our lab, UABC (a-UABC_15-25-8) (Caldwell et
al., 2018). Tumours stained for classical MHC class | were collected between June 2015 — May
2020 from the d’Entrecasteaux peninsula (shown in Figure 1.8). Some tumour sections were
stained by master’s students, Ella Milne and Neve Prowting, under my supervision. For analysis,
six DFT2 tumour biopsies stained by Dr Alison Caldwell in our lab (Caldwell et al., 2018) were

included, collected between March 2014 — June 2015.

Images were taken at 200x magnification and processed using Image J and Fiji to assign
expression scores for quantification. Expression scores were calculated based on the strength of
staining of DFT2 cells (see Section 2.5.2 for details), using a semi-automated image analysis
pipeline, developed with Jacob Trend (University of Southampton). IHC images were separated

into DAB and nuclei staining, with a mask for tumour cells created from the nuclei image using
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distance mapping. The mask was then applied to the DAB image as a region of interest to measure
the staining intensity in tumour cells. Example images for each expression score are shown in

Figure 3.1.

To assess DFT2 classical MHC class | expression over time, expression scores for tumour biopsies
were plotted against the date of capture (Figure 3.1). This shows classical MHC class | expression
by DFT2 is highly variable, with some tumours expressing low levels (0 and 1) and some
expressing high levels (3 and 4). At later time points (2017 onwards), the majority of tumours (23
out of 27) have an expression score of 1 or 2; though there are not enough samples at earlier time
points to determine conclusively whether there has been a decrease in the number of tumours

expressing high levels of classical MHC class I.

Looking at expression scores across all DFT2 tumours (Figure 3.2), most tumours express lower
levels of classical MHC class |, with 19 tumours (55.9%) assigned an expression score of 1, and
eight tumours (23.5%) an expression score of 2. Few DFT2 tumours have high expression, at
11.8% (4 tumours) and 2.9% (1 tumour) for 3 and 4 expression scores respectively. Interestingly,
only two tumours (5.9%) lacked classical MHC class | expression, indicating few DFT2 tumours

have total loss of classical MHC class I.

Example images
for expression scores
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Figure 3.1 Classical MHC class | expression by DFT2 tumours is highly variable.

Classical MHC class | expression in DFT2 tumour biopsies over time (n=34) collected
from 22 individuals. Classical MHC class | expression scores, based on the strength of

IHC staining for Saha-UA, -UB, and -UC, are plotted against the sample collection date
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(Date of Capture). Samples within the black box were presented in Caldwell et al.
(2018). 0 = no staining for classical MHC class |, 4 = very strong staining. Expression
scores are discrete variables — jitter has been applied to the data points for
visualisation. Example images for expression scores are shown to the right of the
graph. IHC images were taken at 200x magnification. Positive cells are stained brown;

nuclei are stained blue. Scale bars = 100 um.
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Figure 3.2 Few DFT2 tumours have complete loss of classical MHC class | expression.

Percentage of DFT2 tumours (n=34) assigned each expression score for classical MHC

class | staining by IHC. 0 = no staining, 4 = strong staining.

3.21 Classical MHC class | expression by DFT2 tumours varies within an individual.

It is important to note that some of the tumours analysed come from the same devil. It is not
known whether these tumours originate from different bites or metastasis of a primary tumour.
Hosts with multiple tumours are highlighted in Figure 3.3A (n=7). Most tumours within the same
host varied for classical MHC class | expression, but only by an expression score of 1. However,
there were two devils with greater variation between their tumours. TD523, captured in June
2015, has two tumour biopsies, with expression scores of 0 and 3. While Enchilada from

November 2018, a devil with a high tumour load (14 tumours counted during sample collection),
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has six tumour biopsies stained; five of these samples had the same expression score, 1, and only

one tumour varied, with an expression score of 3.

As multiple tumours from the same host have similar classical MHC class | expression scores,
these samples may skew the data slightly, particularly Enchilada with five tumours assigned an
expression score of 1. However, even when excluding these tumours, expression is still highly
variable. In addition, from the data we can see that classical MHC class | expression is not
necessarily the same between tumours taken from the same individual, therefore these samples

are relevant to the analysis of classical MHC class | expression in DFT2.
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Figure 3.3 Classical MHC class | expression in DFT2 tumours varies within individuals.

Classical MHC class | expression in DFT2 tumour biopsies over time, showing (A) for
samples (n=19) collected from the same host (n=7), and (B) sex of the host (tumours
n=34, individuals n=22). Classical MHC class | expression scores, based on the
strength of IHC staining for Saha-UA, -UB, and -UC, are plotted against the sample

collection date (Date of Capture). 0 = no staining for classical MHC class |, 4 = very
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strong staining. Expression scores are discrete variables — jitter has been applied to

the data points for visualisation.

3.2.2 Sex of DFT2 hosts does not affect classical MHC class | expression by DFT2 tumours.

A factor of interest for studying classical MHC class | expression in DFT2 is sex of the host. As DFT2
originated in a male devil, the Y chromosome is expected to be immunogenic to female devils
(Stammnitz et al., 2023, 2018); therefore, there may be reduced classical MHC class | expression

by DFT2 in female hosts. The sex of DFT2 hosts is highlighted in Figure 3.3B.

There is no significant difference between classical MHC class | expression in male and female
hosts (Wilcoxon rank sum test; t=0.636) (Appendix Figure B 1A), though there are not enough
samples from female devils to make an effective comparison (female n=7 tumours, from n=5
individuals; male, n=27 tumours, from n=17 individuals). A significance level of p<0.05 was used
for all statistical tests. However, it is interesting that of the samples analysed, there was only one
sample collected from a female devil before May 2019, which had low classical MHC class |
expression. While between May 2019 and May 2020, four female devils with DFT2 (with six

tumours total) were captured (Figure 3.3B).

Classical MHC class | expression by DFT2 tumours was also assessed compared to other host
factors (age and tumour load), as well as secondary infection, season, and tumour location
(Appendix Figure B 1). Increase in age (shown in by Pye et al. (2018)) and host tumour load, the
presence of secondary infection, and the season (as DFT1 transmission was more frequent during
mating season in February-March (Hamede et al., 2008), which is late Summer and early Autumn
in Tasmania) could all affect the ability of the host to produce an immune response against DFT2
tumours, thus higher MHC class | expression in these tumours would be predicted. Location of the
tumours on the face could also affect the infiltration of immune cells, for example, whether they

infect cutaneous (skin) or mucosal (mouth) tissue.

To investigate whether there was a significant difference in classical MHC class | expression by
DFT2 tumours based on secondary infection, results were tested via Wilcoxon rank sum test
(t=0.371), and age, season, and tumour location were assessed by Kruskal-Wallis rank sum test
(t=0.556, t=0.147, and t=0.852, respectively). None of these factors were significant, though
sample size likely limits assessment of the effect of secondary infection and tumour location. Host
tumour load was tested for correlation with classical MHC class | expression using Spearman’s

rank correlation; no correlation was found (t=0.902).
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33 Validation and classification of staining for immune markers

3.3.1 Validation of anti-IFNy antibody

An antibody against devil IFNy, a-IFNy_13-44-6, was previously generated and tested by Alison
Caldwell (Caldwell, 2018). Prior to application to additional samples by IHC, further validation of
the antibody was carried out. The antibody was tested against cell lysates by Western blot and

FFPE cell lines by IHC, used for the first time in DFT cell lines.

Lysates for CHO_SahalFNy (a CHO cell line transfected to produce devil IFNy) (Siddle et al., 2013),
and untransfected CHO as a control, were analysed on a Western blot, stained with IFNy_13-44-6
(Figure 3.4A) (performed by masters student Humaira Islam). There is a strong band at ~25 kDa
for CHO_SahalFNy, close to the expected ~20 kDa. A small dot also appears at the same weight for

CHO, however, this is unlikely to be from the cell line as it does not cover the entire lane.

FFPE cell lines, CHO_SahalFNy, CHO, DFT1 cell line 4906, and 4906_IFNy (4906 treated with devil
IFNy) were stained using a-IFNy_13-44-6 by IHC (Figure 3.4B). These cell lines were used to
replicate the fixation of cells in primary biopsies. CHO was used as an untransfected control for
CHO_SahalFNy, therefore is not expected to stain for IFNy; however, both cell lines were stained
by a-IFNy_13-44-6. This may be due to cross contamination of the cell lines, which were cultured
at the same time. 4906_IFNy stained strongly for IFNy, while 4906 only stained weakly, potentially
due to low levels of IFNy in the cell line or weak non-specific staining. The increase in staining
between 4906 and 4906_IFNy is presumably due to binding of 4906_IFNy cells to IFNy, though

antibody binding to other cytokines induced by IFNy treatment cannot be ruled out.

These results, combined with previous antibody-blocking experiments (Caldwell, 2018), support
the use of anti-IFNy antibody, a-IFNy_13-44-6 for staining of DFT samples for IFNy by IHC. IHC
staining of DFT samples for IFNy was assessed using the same expression scoring system as

developed for MHC class | staining.
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Figure 3.4 Validation of antibody against Tasmanian devil IFNy

Anti-IFNy antibody, a-IFNy_13-44-6, generated by Dr Alison Caldwell (Caldwell, 2018)
was validated by Western blot and IHC staining. (A) Western blot analysed with cell
lysates; CHO_SahalFNy (CHO cell line transfected to produce devil IFNy), and CHO
(untransfected) as a control. (B) IHC images of formalin-fixed cell lines embedded in
paraffin. CHO_SahalFNy (CHO cell line transfected to produce devil IFNy), CHO
(untransfected), 4906 (DFT1 cell line), and 4906_IFNy (4906 treated with IFNy). (Left)
Cell lines stained with a-IFNy_13-44-6, (right) control stained with secondary
antibody only. Images were taken at 400x magnification. Positive cells are stained

brown; nuclei are stained blue. Scale bars = 50 um.
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3.3.2 Classification of CD3 staining

To classify CD3 staining of tumours by IHC for analysis, a subjective scale was generated based on
the number and density of CD3+ cells in the stroma and among tumour cells. Examples images of
tumours in each classification are shown in Figure 3.5. Black arrows highlight examples of CD3+

cells within the area of interest.

The scale ranges from ‘None’ to ‘Many’, which was used to investigate immune activation in the
tumour samples. No image is shown for ‘Many’ under tumour cells, as there were no DFT1 or
DFT2 tumours that met this classification. This scale was created based on staining within DFT
samples, therefore, while ‘Many’ is the highest classification, this does not indicate it is the

highest CD3+ activation possible against a tumour.
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Stroma Tumour

Few

Figure 3.5 Classification of CD3 staining of DFTs by IHC

Example images of DFT samples stained for CD3 by IHC, assigned to a classification

scale for analysis. Scale ranges from ‘None’ (no CD3+ cells) to ‘Many’ (the highest
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level of CD3+ cells observed in the stained DFTs). Tumours were given two
classifications based on the location of CD3+ cells in the biopsy, in the stroma and
among tumour cells. No image is shown for ‘Many’ for ‘Tumour’ as there were no
DFT samples within this category. Black arrows show examples of CD3+ cells. Images
were taken at 100x magnification. Positive cells are stained brown; nuclei are stained

blue. Scale bars = 200 um.

34 There is little immune activation in DFT2 tumours.

To investigate immune activation against DFT2, of the 34 tumour biopsies stained for classical
MHC class | (see Section 3.2), 25 were stained for IFNy (a-IFNy_13-44-6) (from 17 individuals) and
20 (from 15 individuals) were also stained for CD3. IFNy is an inflammatory immune marker, while
CD3 is a cellular marker of activated T cells. Some tumour sections were stained by master’s

students, Neve Prowting and Humaira Islam, under my supervision.

As shown in Figure 3.6A, most DFT2 tumours had IFNy expression (88%). However, this expression
is at a low level, with 64% assigned an expression score of 1, while only 20% and 4% were given
scores of 2 and 3 respectively. Conversely, only 40% of DFT2 tumour samples had CD3+ cells
(Figure 3.6B). Breaking this down by location of the CD3+ cells (Figure 3.6C), all samples with CD3+
cells (n=8) had these cells within the stroma, while only six had CD3+ cells infiltrating areas of
tumour cells. Both stromal and tumour CD3+ cells were mostly categorised as ‘Very few’ or ‘Few’
Only two and one tumours (15% of all CD3 stained tumours) were classified as ‘Some’ and ‘Many’,
respectively, for stromal CD3+ cells. While one tumour (5%) was classified as ‘Some’ for CD3+ cells

within the tumour.
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Figure 3.6 DFT2 tumours have limited immune activation.

Summary of immune markers for DFT2 tumours stained by IHC. (A) Percentage of
DFT2 tumours (n=25) assigned each expression score for IFNy staining by IHC. 0 = no
IFNy staining, 4 = strong IFNy staining. (B) Percentage of DFT2 tumours (n=20) with
CD3+ cells based on IHC staining. (C) Percentage of DFT2 tumours (n=20) for CD3+
cell classifications. Classifications were based on number and density of CD3+ cells in

the stroma or among tumour cells.
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3.4.1 IFNy expression correlates with classical MHC class | expression by tumour cells.

To understand whether classical MHC class | expression by DFT2 tumours is antigenic in all hosts,
a subsection of tumour biopsies were also stained by IHC for immune markers, IFNy, an
inflammatory cytokine, and CD3, a T cell marker. Staining for immune markers was compared to
classical MHC class | expression scores (Figure 3.7). IFNy staining was assigned expression scores,
using the same method as classical MHC class |, and CD3 staining was categorised based on CD3+

cells.

No significant difference in classical MHC class | expression by DFT2 tumours was observed for the
presence of CD3+ cells (Unpaired two-samples t-test; 0.325), CD3+ cells in the stroma (One-way
ANOVA,; t=0.594), or CD3+ cells within the tumour (Kruskal-Wallis rank sum test; t=0.0808);
though sample size is a limiting factor for the CD3 categories. A significance level of p<0.05 was
used for all statistical tests. However, IFNy expression has a positive correlation with classical
MHC class | expression by DFT2 tumour cells (Spearman’s rank correlation: rho=0.435, t=0.0296,
p<0.05). This indicates classical MHC class | expression is associated with an inflammatory tumour

environment.

Release of inflammatory cytokines should trigger infiltration of immune cells, such as T cells.
Therefore, IFNy expression in DFT2 tumours was compared with presence of CD3+ cells (Figure
3.8). Infiltration by CD3+ cells was not associated with different IFNy expression levels (Wilcoxon
rank sum test; t=0.0911), regardless of whether CD3+ cells were stromal (One-way ANOVA;
t=0.594) or among tumour cells (Kruskal-Wallis rank sum test; t=0.872); but, as previously

mentioned, sample size is a limiting factor when assessing CD3+ cells.
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IFNy expression correlates with classical MHC class | expression by DFT2 tumour

cells.

Classical MHC class | expression in DFT2 tumour biopsies compared with (A) IFNy
expression scores (n=25), (B) presence of CD3+ cells (n=20), (C) CD3+ cells in the
stroma (n=20), or (D) CD3+ cells among tumour cells (n=20). Expression scores are
based on the strength of IHC staining; O = no staining, 4 = very strong staining.
Expression scores are discrete variables — jitter has been applied to the data points
for visualisation. There is a positive correlation between classical MHC class | and
IFNy expression scores (rho=0.435, t=0.0296, p<0.05). None of the CD3 classifications
are significant for differences in classical MHC class | expression. ‘ns’ = not significant

(p>0.05).
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Figure 3.8 IFNy expression does not correspond with infiltration of CD3+ cells.

IFNy expression in DFT2 tumour biopsies by (A) presence of CD3+ cells (n=20), (B)
CD3+ cells in the stroma (n=20), and (C) CD3+ cells among tumour cells (n=20).
Expression scores are based on the strength of IHC staining; 0 = no staining for IFNy,
4 = very strong staining. Expression scores are discrete variables — jitter has been
applied to the data points for visualisation. There are no significant differences in

IFNy expression for the CD3 classifications. ‘ns’ = not significant (p>0.05).
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3.4.2 IFNy expression has little variation between DFT2 tumours in the same individual.

IFNy expression in DFT2 tumours is highly variable (Figure 3.9A), as expected based on its positive
correlation with classical MHC class | expression by DFT2 cells. Deviating from classical MHC class |
expression slightly, there is very limited variation in IFNy expression across tumours collected
from the same individual (devils, n=6), shown in Figure 3.9B. All tumours within an individual had
the same IFNy expression score or only varied by a score of 1; except for Zeus, which had one
tumour with an IFNy expression score of 1 and the other a score of 3. Enchilada is interesting as it
had one tumour with no IFNy expression, while the other four stained positively, though

expression was weak (expression score of 1).

As previously mentioned (Section 3.2.2), several host factors (sex, age, and tumour load), along
with season, secondary infection of the tumour, and tumour location, could alter the immune
response against DFT2. To investigate the effect of these factors on the inflammatory
environment of DFT2 tumours, they were compared to IFNy expression scores (see Appendix

Figure B 2).

There was no significant difference in IFNy expression scores for sex or secondary infection
(Wilcoxon rank sum test; t=0.301 and t=0.137 respectively), season (One-way ANOVA; t=0.626),
age or tumour location (Kruskal-Wallis rank sum test; t=0.476 and t=0.125), and there is no
correlation between IFNy expression and host tumour load (Spearman's rank correlation;

t=0.430). A significance level of p<0.05 was used for all statistical tests.
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Figure 3.9 IFNy expression in DFT2 tumours has little variation within an individual.

IFNy expression in DFT2 tumour biopsies over time, plotted against the sample
collection date. Showing (A) all stained DFT2 tumours (n=25), and (B) highlighting
multiple tumours that came from the same host (n=15 tumours from n=7
individuals). Expression scores are based on the strength of IHC staining. 0 = no
staining for IFNy, 4 = very strong staining. Expression scores are discrete variables —

jitter has been applied to the data points for visualisation.
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3.5 Discussion

To investigate classical MHC class | expression by DFT2, 28 tumour biopsies (collected between
June 2015 — May 2020) were stained by IHC. This significantly develops our understanding of
classical MHC class | expression in DFT2 tumours, both in number and timeframe. Previous
classical MHC class | staining for DFT2 covered six tumours from early in the emergence of DFT2

(March 2015 — October 2015) (Caldwell et al., 2018).

To quantify IHC staining, expression scores were assigned to each tumour based on the strength
of staining using a novel semi-automated analysis pathway developed for this study. This is the
first time IHC staining has been quantified for DFTs and enables the comparison of protein
expression in FFPE samples between tumours and with factors, such as date of collection, age,

and sex of the host.

Based on IHC expression scores, DFT2 tumours are variable for classical MHC class | expression
and there is no observable correlation over time, which was expected from Hypothesis 1 - that

DFT2 will lose MHC class | expression as it spreads through the population.

3.5.1 DFT2 may downregulate classical MHC class | to evade the host immune system.

In DFT2 tumours, IHC staining for classical MHC class | was highly variable. Some tumours have
completely lost classical MHC class | expression, as expected from Hypothesis 1 (see Section
1.5.1), while others still show high expression. This variability over time suggests there is selective

pressure for MHC class | loss in some tumours.

There may be a decrease in classical MHC class | expression over time, however, as shown in
Figure 3.1, there are not enough samples from earlier years to draw firm conclusions. Regardless,
the variation in classical MHC class | expression is of interest, as it expands our understanding of
expression in DFT2 tumours and can be utilised to investigate the cause of classical MHC class |

loss by DFT2 cells.

Most DFT2 tumours expressed low levels of classical MHC class I, with 55.9% assigned an
expression score of 1 and 23.5% 2 (n=34), as illustrated in Figure 3.2. This fits with the hypothesis
that DFT2 is losing classical MHC class | expression as it spreads through the devil population.
Downregulation of classical MHC class | may be through downregulation of all alleles to reduce
the chance of recognition by T cells, or downregulation of certain alleles that are more likely to be
immunogenic (for example, due to low frequency in the population, or presentation of

neoantigens). Only two tumours (5.9%) had complete classical MHC class | loss; indicating it may
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be beneficial for the cancer to reduce the level of classical MHC class | on the cell surface, but not
lose it completely. Selective downregulation is a known mechanism for immune evasion in cancer
cells and virally infected cells (Dhatchinamoorthy et al., 2021; Taylor and Balko, 2022) and it has
been shown that DFT1 downregulates MHC class | expression by overexpression of PRC2 (Burr et
al., 2019). DFT2 lacks expression of embryonic ectoderm development (EED) protein, a
component of PRC2 (Owen et al., 2021), therefore MHC class | expression is not modulated using
the same mechanism as DFT1. However, DFT2 may be epigenetically modifying expression via
different pathways, which is supported by variable expression of classical MHC class | in DFT2
tumours. By DFT2 preserving common classical MHC class | alleles, there would be fewer
differences for T cells to detect on the DFT2 classical MHC class |, while preventing generation of

an immune response against a total loss of MHC class | (‘missing self’) by NK cells.

Interestingly, classical MHC class | expression also varies between some tumours infecting the
same devil (Figure 3.3A). While the variation is small in most individuals, some tumours vary by an
expression score of 2. This indicates that classical MHC class | expression is not solely dependent
on the current host. As DFT2 cells will have encountered multiple devils before their current host,
it is possible that tumours that differ in expression were transmitted by different devils, though it
is not known whether multiple tumours in the same devil originated from separate bites or
metastasis of an established tumour. Alternatively, these tumours may be exposed to different
immune pressures within their current host, such as tumour location. While no significant
difference was found in classical MHC class | expression based on whether the tumour was
mucosal or cutaneous (Appendix Figure B 1F), it could be that different locations on the
head/body could affect immune recognition or infiltration. DFT2 has a higher proportion of
tumours occurring on the body than DFT1, which mostly occurs on the face (James et al., 2019).
The origin of tumours occurring on the body have not been confirmed, but they may be the result
of direct transmission or have metastasised from tumours on the face. Sustained transmission of
bodily tumours through the population is unlikely, therefore, metastasis of these tumours to the
body may be more common than direct transmission. To metastasise, tumours will be exposed to
different immune pressures as they move systemically and establish themselves in a new tissue.
Therefore, their classical MHC class | and immune profiles would be expected to differ from

primary tumours.

3.5.2 Host immune responses against DFT2 are limited.

As Tasmanian devils are capable of allorecognition and rejection of skin grafts (Kreiss et al., 2011),
an immune response would be expected against DFT2 cells expressing classical MHC class I. Most

tumours have IFNy expression (88%; n=25), which indicates an inflammatory response from the

78



Chapter 3

host. As IFNy expression correlates with classical MHC class | expression by DFT2 tumour cells, this
could indicate an immune response against DFT2 classical MHC class I. Alternatively, if DFT2
downregulation of classical MHC class | is epigenetic, as in DFT1 (Burr et al., 2019; Siddle et al.,

2013), IFNy expression may be upregulating classical MHC class | expression.

Most DFT2 tumours only had a low level of IFNy expression, with an expression score of 1 (64%,
n=25) (Figure 3.6A), this level may not be high enough to elicit an effective immune response. Low
levels of IFNy in the tumour microenvironment can be pro-tumorigenic, increasing metastatic
potential of tumour cells and epithelial-to-mesenchymal transition (EMT) (Jorgovanovic et al.,
2020). In an immune response against mismatched MHC class I, T cell responses are expected,
however, IFNy expression in DFT2 tumours does not result in infiltration by CD3+ cells (Figure 3.8).
In addition, tumours that do have CD3+ cells (8 tumours, 40.0%) have low cell numbers, which

rarely infiltrate areas of tumour cells, often restricted to the edge of tumour samples.

It is possible that as DFT2 spreads through the population it could be developing clonal lineages
that evolve different immune evasion mechanisms. Phylogenetic analysis has shown that DFT1
has developed into multiple clades as it has spread through the population (Kwon et al., 2020;
Stammnitz et al., 2023), and recently it has been discovered that early in the evolution of DFT2 it
developed into two separate clades (Stammnitz et al., 2023). Therefore, it is possible that clonal
evolution of DFT2 would develop subclones with different immune evasion mechanisms. Some
clones may evade the host immune system by downregulating classical MHC class | expression.
While clones with high classical MHC class | expression may employ other mechanisms to prevent

immune responses against disparate classical MHC class | alleles.

3.53 Loss of Y chromosome may facilitate spread of DFT2 in female devils.

As DFT2 originated in a male devil (Pye et al., 2016b), the X chromosome is predicted to be
immunogenic in female hosts, due to peptides presented by MHC class I. It has been observed
that DFT2 has a bias towards infection of males, while DFT1 infection is equal across males and
females (James et al., 2019; Kwon et al., 2018). Therefore, DFT2 tumours infecting female hosts
are expected to have stronger pressures for downregulation of classical MHC class | than in males.
Analysis of differences in classical MHC class | is limited due to number of samples from female
devils (tumours in females = 7, tumours in males = 27). However, it is of note that from these
samples there was only one tumour collected from a female devil before May 2019, and six
tumours collected from four female devils between May 2019 — May 2020. This may be an
artefact of our sample size, however, Stammnitz et al. (2018) found that a DFT2 tumourin a

female host had lost its Y chromosome, and recently loss of the Y chromosome in DFT2 was traced
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to an ancestor of clade B, occurring in 15 of 42 tumours analysed (Stammnitz et al., 2023).
Therefore, this increase in DFT2 tumour samples from female devils from May 2019 may be linked
to widespread loss of the Y chromosome by DFT2 or the increased spread of clade B, as the
tumour cells will be less immunogenic to female hosts. In addition, the tumour from a female
devil in January 2015 had a classical MHC class | expression score of 1, which may be due to

immune recognition from this host.

3.54 Implications and future study

Understanding how DFT2 evades the host immune system is important for predicting disease
spread, for the management of an endangered species, and for the design of therapeutic
interventions, such as vaccines. As expected, some DFT2 tumours have lost classical MHC class |
expression, which agrees with Hypothesis 1 - that DFT2 will lose MHC class | as it spreads through
the population. However, few tumours have total loss of classical MHC class |, therefore low levels

of classical MHC class | on the cell surface may be beneficial to DFT2 immune evasion.

To further understand immune evasion by DFT2, drivers of MHC class | loss, such as classical MHC
class | mismatch between tumour and host, and mechanisms of MHC class | downregulation need
to be investigated. Additionally, current DFT2 cell lines were established close to the emergence
of DFT2 (see Table A 2). Therefore, these cell lines may not reflect the current mechanisms

utilised by DFT2. Thus, the generation of new, low passage cell lines would be invaluable.
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Chapter 4 Investigation of classical MHC class |

expression in DFT1

4.1 Introduction

Downregulation of Major Histocompatibility Complex (MHC) molecules is often key to evasion of
the immune system by tumours and viruses. As transmissible cancers transmit between
individuals, they are under strong selective pressure from host immune systems to develop
immune evasion mechanisms, to prevent recognition of disparate classical MHC class | alleles
between tumour and host. In DFT1 the lack of an immune response is explained by a loss of
classical MHC class | in tumour cells, through downregulation of components of the peptide
presentation pathway; specifically, transporter associated with antigen processing (TAP) and B.-

microglobulin (B2m) via PRC2 (Burr et al., 2019; Siddle et al., 2013).

Studies into epigenetic downregulation of MHC class | by DFT1 have largely been completed on
cell lines, with only two tumour biopsies stained for classical MHC class | expression (Siddle et al.,
2013). Additionally, as MHC class | expression is modulated epigenetically, upregulation of cell
surface expression is possible via treatment with IFNy or overexpression of NLRC5 (Siddle et al.,
2013), and B.m upregulation has been found in DFT1 cells originating from a regressing tumour
(Pye et al., 2016a). Therefore, it is possible classical MHC class | expression varies in DFT1 tumours

and expression needs to be investigated in a wider range of samples.

To investigate classical MHC class | expression in vivo, 76 DFT1 biopsies, from 2006 - 2022, were
stained by IHC, using a devil-specific classical MHC class | antibody, UABC, generated in our lab
(Caldwell et al., 2018). Expression scores were assigned using novel semi-automated image
processing, to quantify staining for analysis. The biopsies were also stained for CD3 (a T cell
marker) and IFN-y (an inflammatory cytokine) to assess the host immune response against the

tumours.
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41.1 Aims and objectives

This chapter addresses Hypothesis 2, “DFT1 expresses non-classical MHC class | to evade the host

immune response” (see Chapter 1 — Section 1.5):

Aim 4: Determine whether loss of classical MHC class | expression is widespread in DFT1

tumours.
The objectives of this chapter are:

1. Stain a wider range of DFT1 tumour biopsies by IHC using devil-specific classical MHC class
| antibodies.

2. Stain DFT1 tumours by IHC for immune markers (CD3 and IFNy)

4.2 DFT1 tumours are not consistently negative for classical MHC class |

expression.

Previously, two DFT1 tumour biopsies were stained for classical MHC class | expression by IHC,
with both lacking expression (Siddle et al., 2013). However, it has been found that classical MHC
class | expression can be upregulated in DFT1 cell lines by treatment with IFNy or overexpression
of NLRC5 (Ong et al., 2021; Siddle et al., 2013). Further, B.m was found to be upregulated by DFT1
cells in fine needle aspirates from a tumour infecting a devil with an immune response against
DFT1 (Pye et al., 2016a). To investigate whether total downregulation of classical MHC class |
expression is widespread across DFT1 tumours, 76 tumour biopsies (supplied by Dr Rodrigo
Hamede and Prof Gregory Woods, University of Tasmania), collected from 56 individuals between
May 2006 — April 2022, were stained by IHC for classical MHC class | expression (Saha-UA, -UB,
and -UC). Some tumour sections were stained by master’s students, Ella Milne and Neve
Prowting, under my supervision. It is important to note that three of these samples came from
experimental tumours; two tumours, infecting Grommit and Tiarna (June and July 2010,
respectively), developed in devils immunised with irradiated DFT1 cells, and the tumour infecting
Christine (November 2008) was an induced tumour (A Kreiss 2022, personal communication).

Expression scores were assigned based on strength of staining of tumour cells.

Unexpectedly, not all tumours were negative for classical MHC class |, challenging our
understanding of how DFT1 tumours evade the host immune system. To assess expression over
time, classical MHC class | expression scores were plotted against date of capture (Figure 4.1).

Tumours expressing classical MHC class | are variable for expression scores. No correlation was
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observed for classical MHC class | expression over time, however, there is a lack of samples from

earlier dates.

It is important to note that many of the DFT1 hosts captured had multiple tumours. As a result,
some of the biopsies stained were collected from the same host; these tumours are highlighted in
Figure 4.2A (n=33 tumour samples, from n=14 individuals). Included in this figure are three
biopsies taken from different depths in the same tumour (Savuti T1), though these are all negative
for classical MHC class | expression. Many of these tumours have similar expression scores to each
other, with either the same expression score or varying only by an expression score of 1. Two
hosts are exceptions to this, Maui and Haloumi, whose tumours differed by an expression score of
2. Haloumi also had one negative tumour (expression score of 0) and one positive (expression
score of 2). One devil, Orange, was captured twice (February 2020 and May 2020), with the same
tumour sampled each time. Both tumours sampled had increases in their expression scores, by an
expression score of 1. T1 increased from 0 to 1, and T2 increased from 1 to 2 (detailed sample
information is available at https://doi.org/10.5258/SOTON/D3092). Therefore, it may be that

classical MHC class | expression changes as the tumour grows and may correlate with tumour size.

The tumours with the highest classical MHC class | expression in 2015 were collected from two
devils, TD505 and Crabtree, with expression scores of 3 and 4 (Figure 4.2A). As these are some of
the highest expressing tumours across all DFT1 biopsies, this creates an ‘artificial’ peak in
expression in 2015. However, this does not affect the distribution of classical MHC class |
expression scores, shown in Figure 4.3. Classical MHC class | is not expressed in most DFT1
tumours (44.7%). Of the tumours that express classical MHC class I, 1 was the most common
expression score (34.2% of all tumours), while only 7.9%, 9.2%, and 3.9% of tumours had

expression scores of 2, 3, and 4 respectively.

Tolerance to DFT1 infection has been found in female, but not male, hosts (Margres et al., 2018;
Ruiz-Aravena et al., 2018), therefore there may be differences in classical MHC class | expression
in female hosts due to differing immune responses. To compare classical MHC class | expression in
DFT1 tumours in female and male hosts over time, tumours from male (tumours n=21, individuals
n=16) and female (tumours n=47, individuals n=32) hosts are highlighted in Figure 4.2B. However,
there is no difference observed between expression scores in DFT1 tumours infecting male and

female over time.
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Figure 4.1 DFT1 tumours are not consistently negative for classical MHC class | expression.
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Classical MHC class | expression in DFT1 tumour biopsies over time (n=76). Classical
MHC class | expression scores, based on the strength of IHC staining for Saha-UA, -
UB, and -UC, are plotted against the sample collection date (Date of Capture). 0 = no
staining for classical MHC class |, 4 = very strong staining. Expression scores are
discrete variables — jitter has been applied to the data points for visualisation.
Example images for expression scores are shown to the right of the graph. IHC
images were taken at 200x magnification. Positive cells are stained brown; nuclei are

stained blue. Scale bars = 100 um.
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Figure 4.2 Multiple tumours in the same host have similar classical MHC class | expression.

Classical MHC class | expression in DFT1 tumour biopsies over time, showing (A) for
samples collected from the same host (n=33), and (B) sex of the host (n=68). Classical
MHC class | expression scores, based on the strength of IHC staining for Saha-UA, -

UB, and -UC, are plotted against the sample collection date (Date of Capture). 0 = no
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staining for classical MHC class |, 4 = very strong staining. Expression scores are

discrete variables —jitter has been applied to the data points for visualisation.
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Figure 4.3 Most DFT1 tumours are negative for classical MHC class | expression.

Percentage of DFT1 tumours (n=76) assigned each expression score for classical MHC

class | staining by IHC. O = no IFNy staining, 4 = strong IFNy staining.
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421 Classical MHC class | expression by tumour cells does not vary by location.

As DFT1 has spread across most of Tasmania, there may be differences in classical MHC class |
expression based on location; as different DFT1 clades have become dominant in different regions
of Tasmania (Kwon et al., 2020). Variation of classical MHC class | expression in DFT1 tumours by
location was investigated by assigning sample collection sites to broad areas of North-West (n=17
tumours, from n=11 individuals) and South-East (n=59 tumours, from n=45 individuals) (see Figure
4.4A). The South-East was further grouped into ‘DFT2 Area’ (n=5 tumours, from n=5 individuals),
‘Channel’ (n=51 tumours, from n=37 individuals), and North of Channel’ (n=3 tumours, from n=3
individuals) (Figure 4.4A), to investigate whether there are any differences in classical MHC class |
expression in the area where DFT2 is circulating. There was no significant difference in classical
MHC class | expression by DFT1 (n=76) for either Broad Area (Wilcoxon rank sum test; t=0.820) or
Area (Kruskal-Wallis rank sum test; t=0.713). A significance level of p<0.05 was used for all

statistical tests.

Other factors were also investigated for effect on classical MHC class | by DFT1, sex of the host,
age, host tumour load, season, secondary infection of the tumour, and tumour location (Appendix
Figure C 1), as they could all influence the ability of the host to generate an immune response
against DFT1 tumours. As expected from Figure 4.2B, there was no difference in classical MHC
class | expression in DFT1 based on the sex of the host (Wilcoxon rank sum test; t=0.615). There
was also no significant difference found for age (t=0.288), season (t=0.155), or tumour location
(t=0.390) (Kruskal-Wallis rank sum test), or secondary infection (Wilcoxon rank sum test; t=0.783);
and there was no correlation between classical MHC class | expression scores and tumour load

(Spearman's rank correlation; t=0.902).
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88

Classical MHC class | expression by DFT1 tumours (n=76) based on the area of sample

collection. (A) Map of Tasmania showing the sample sites included in the broad areas

of North-West and South-East, for analysis. The South-East is broken down into
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smaller areas, Channel, DFT2 Area (an area of the channel where DFT2 is circulating),
and North of Channel. (B) Classical MHC class | expression is based on the strength of
IHC staining for Saha-UA, -UB, and -UC. 0 = no staining for classical MHC class I, 4 =

very strong staining. Expression scores are discrete variables — jitter has been applied
to the data points for visualisation. There is no significant difference in classical MHC

class | expression by Broad Area or Area. ‘ns’ = not significant (p>0.05).
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4.2.2 DFT1 expression of periaxin is not consistently high.

Periaxin is used as a specific marker for DFT1 cells due to consistent high expression by DFT1 cells
(Murchison et al., 2010). DFT1 tumour biopsies are routinely stained by IHC to confirm areas of
DFT1 cells. However, staining of the 76 DFT1 tumour biopsies being studied for classical MHC class
| expression found periaxin expression is highly variable in DFT1 tumours (example images shown
in Figure 4.5). Some tumours strongly express periaxin as expected, but lower levels of expression
were observed in some tumours, which is often variable through the tumour, and some are
completely negative. Based on these findings, periaxin cannot be used to consistently identify

DFT1 cells.

Periaxin
Expression

Variable

Low

Figure 4.5 Periaxin expression by DFT1 is not consistent across tumours.

Example images of DFT1 tumour biopsies stained by IHC for Periaxin. Expression of
periaxin, previously used as a strong marker for DFT1 cells, is highly variable in DFT1
tumours. Images were taken at 200x magnification. Positive cells are stained brown;

nuclei are stained blue. Scale bars = 100 pm.
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4.3 IFNy expression correlates with classical MHC class | expression by

DFT1 tumours.

To understand whether classical MHC class | expression by DFT1 cells is immunogenic, tumour
biopsies were also stained for immune markers, IFNy (n=51 tumours, from n=38 individuals), an
inflammatory cytokine, and CD3 (n=42 tumours, from n=30 individuals), a cell surface marker for T
cells. Some tumour sections were stained by master’s student, Humaira Islam, under my
supervision. IFNy staining was quantified by assigning expression scores based on strength of
staining, using the same method as for classical MHC class | staining. CD3 staining was classified

based on number and density of CD3+ cells.

IFNy expression and CD3 infiltration is present in DFT1 tumours (Figure 4.6). Most DFT1 tumours
had IFNy expression (84.3%), however, the level of expression in these tumours was low, as 51.0%
of all tumours (26 tumours) were assigned an expression score of 1, and 27.5% of tumours (14
tumours) were assigned an expression score of 2. Many tumours had CD3+ cells present (42.9%,
18 tumours). All these tumours had CD3+ cells in the stroma, but only two tumours each were
categorised as ‘Some’ and ‘Many’. Only 14.3% (6 tumours) of DFT1 tumours stained had
infiltration of CD3+ cells among tumour cells. None of these tumours were categorised as ‘Some’

or ‘Many’, with five tumours categorised as ‘Very few’ and one tumour as ‘Few’.

We would expect immune responses from hosts to classical MHC class | expression by DFT1 cells.
To investigate whether MHC class | expression by DFT1 correlates with immune activation in the
tumour, expression scores were compared with IFNy and CD3+ staining (Figure 4.7). A significance
level of p<0.05 was used for all statistical tests. There was a strong correlation between IFNy
expression in DFT1 tumours and classical MHC class | expression by DFT1 tumour cells (Figure
4.7A; Spearman's rank correlation; rho=0.627, t=8.68x107, p<0.05). However, there was no
significant difference in classical MHC class | expression by DFT1 based on presence of CD3+ cells
(Unpaired two-samples t-test; t=0.325), stromal CD3+ cells (One-way ANOVA; t=0.594), or CD3+
cells among tumour cells (Kruskal-Wallis rank sum test; t=0.0808); though analysis of CD3+
infiltration may be insufficient due to low missing values for higher CD3+ stromal and tumour

classifications.

Investigating whether IFNy expression corresponds with infiltration of CD3+ cells, IFNy expression
scores were compared to CD3+ classification (Figure 4.8). There was no significant difference for
IFNy expression by presence of CD3+ cells (Wilcoxon rank sum test; t=0.0911), stromal CD3+ cells

(One-way ANOVA; t=0.594), or CD3+ cells in the tumour (Kruskal-Wallis rank sum test; t=0.0872).
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Figure 4.6 DFT1 tumours have limited immune activation.

Summary of immune markers for DFT1 tumours stained by IHC. (A) Percentage of
DFT1 tumours (n=51) assigned each expression score for IFNy staining by IHC. 0 = no
IFNy staining, 4 = strong IFNy staining. (B) Percentage of DFT1 tumours (n=42) with
CD3+ cells based on IHC staining. (C) Percentage of DFT1 tumours (n=42) for CD3+
cell classifications. Classifications were based on number and density of CD3+ cells in

the stroma or among tumour cells.
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Figure 4.7 IFNy expression correlates strongly with classical MHC class | expression by DFT1.

Classical MHC class | expression in DFT1 tumour biopsies compared with (A) IFNy
expression scores (n=51), (B) presence of CD3+ cells (n=42), (C) CD3+ cells in the
stroma (n=42), or (D) CD3+ cells among tumour cells (n=42). Expression scores are
based on the strength of IHC staining; O = no staining, 4 = very strong staining.
Expression scores are discrete variables — jitter has been applied to the data points
for visualisation. There is a strong positive correlation between classical MHC class |

and IFNy expression scores (rho=0.627, t=8.68x10, p<0.05). None of the CD3

classifications are significant for differences in classical MHC class | expression. ‘ns’

not significant (p>0.05).
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Figure 4.8 IFNy expression does not correspond with infiltration of CD3+ cells in DFT1

tumours.

IFNy expression in DFT1 tumour biopsies by (A) presence of CD3+ cells (n=41), (B)
CD3+ cells in the stroma (n=41), and (C) CD3+ cells among tumour cells (n=41).
Expression scores are based on the strength of IHC staining; 0 = no staining for IFNy,
4 = very strong staining. Expression scores are discrete variables — jitter has been
applied to the data points for visualisation. There are no significant differences in

IFNy expression for the CD3 classifications. ‘ns’ = not significant (p>0.05).
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43.1 Variation in IFNy expression between DFT1 tumours within the same individual is

limited.

As is expected based on correlation with classical MHC class | expression by DFT1 cells, there is no
clear correlation of IFNy expression over time and expression is highly variable (Figure 4.9A). Like
with classical MHC class | expression, IFNy expression is similar between tumours infecting the

same individual (Figure 4.9B), with most tumours having the same expression score or varying by

an expression score of 1.

Two hosts, Haloumi and Mania, each have two tumours that vary by an expression score of 2;
both with one tumour assigned an expression score of 0 and the other an expression score of 2.
This variation may be due to different factors, such as, location on the face, or the tumours could
have been inoculated at different times. It is interesting that two DFT1 tumours infecting the
same devil can have different immune environments. For Haloumi, IFNy expression directly
correlates with classical MHC class | expression, where the tumour expressing classical MHC class |
stained for IFNy, and vice versa. However, in Mania, both tumours were assigned a classical MHC

class | expression score of 1.

Orange was captured twice, with the same two tumours sampled each time. While these tumours
had an MHC class | expression score of 0 when captured in February 2020, both tumours

increased IFNy expression by an expression score of 1 (one from 0 to 1, and the other from 1 to 2)
between February 2020 and May 2020, corresponding with upregulation of classical MHC class | in

one of these tumours.

As with classical MHC class | expression, there was no significant difference in IFNy expression
based on location, either by Broad Area (Wilcoxon rank sum test; t=0.899) or Area (Kruskal-Wallis
rank sum test; t=0.389) (Appendix Figure C 2). There was also no significant difference in IFNy
expression based on sex (t=0.566) or secondary infection of the tumour (t=0.586) (Wilcoxon rank
sum test), age (t=0.670), season (t=0.953) or tumour location (t=0.482) (Kruskal-Wallis rank sum
test), and there was no correlation with host tumour load (Spearman's rank correlation; t=0.652)

(Appendix Figure C 3). A significance level of p<0.05 was used for all statistical tests.
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Figure 4.9 IFNy expression in DFT1 tumours varies little within individuals.

IFNy expression in DFT1 tumour biopsies over time, plotted against the sample
collection date. Showing (A) all stained DFT1 tumours (n=76), and (B) highlighting
multiple tumours that came from the same host (n=32 tumours from n=14
individuals). Expression scores are based on the strength of IHC staining. 0 = no
staining for IFNy, 4 = very strong staining. Expression scores are discrete variables —

jitter has been applied to the data points for visualisation.
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4.4 Discussion

To investigate classical MHC class | expression in DFT1, 76 DFT1 tumours (collected between May
2006 — April 2022) were stained by IHC. Previously only two DFT1 tumours had been stained in
relation to classical MHC class | expression (Siddle et al., 2013), thus this study significantly

broadens our understanding of class | expression by DFT1.

Based on IHC expression scores, DFT1 tumours are variable for classical MHC class | expression
and there is no correlation over time. This is surprising, as all DFT1 tumours were thought to lack
classical MHC class | expression as an immune evasion mechanism (Siddle et al., 2013). Therefore,
immune evasion by DFT1 cells may be more complex than originally thought, potentially utilising

multiple mechanisms to avoid the host immune system.

44.1 Total classical MHC class | loss is not an immune evasion mechanism employed by all

DFT1 tumours.

It was previously presumed all DFT1 tumours were negative for classical MHC class | expression,
due to IHC staining of primary tumours and experiments investigating expression in three DFT1
cells lines (Siddle et al., 2013). Surprisingly, while there were DFT1 tumours that were negative for
classical MHC class | expression, some DFT1 primary biopsies stained positively (55.3%, n=76).
Therefore, loss of classical MHC class | is not universal for DFT1 cells, and these tumours may be

utilising other mechanisms for immune evasion.

DFT1 tumours that expressed classical MHC class | mostly had low levels of expression; 34.2% of
all tumours were assigned an expression score of 1 (n=76). This could be due to hemizygous
deletion in Bom (Stammnitz et al., 2018) resulting in lower classical MHC class | expression,
however some DFT1 tumours were assigned higher expression scores of 3 and 4 (Figure 4.1). It
could also be that in tumours expressing classical MHC class |, there is a benefit to lower levels on

the cell surface, as there is a lower chance of recognition by T cells.

IFNy expression in DFT1 tumours was positively correlated with classical MHC class | expression by
DFT1 tumour cells, which could indicate that classical MHC class | expression by DFT1 promotes an
inflammatory tumour environment. However, expression of IFNy is low in most tumours
(expression score of 1 in 51.0%, n=51). Furthermore, IFNy expression does not promote

infiltration of CD3+ cells into DFT1 tumours (Figure 4.8).

Despite reports of increased tolerance to DFT1 infection in female devils (Margres et al., 2018;

Ruiz-Aravena et al., 2018), there was no difference in classical MHC class | or IFNy expression
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between male and female devils, nor do classical MHC class | expression levels vary for female
devils over time (See Figure 4.2B). It may be that recognition of classical MHC class | expressed by
DFT1 cells and expression of IFNy do not play a role in DFT1 tolerance in female devils.

Conversely, these female devils may not have developed tolerance to DFT1.

44.2 Classical MHC class | expression in DFT1 may be plastic in response to environmental

pressures.

Sample numbers are low pre-2013, and very few samples exist from the period after DFT1’s
emergence (Pearse and Swift, 2006), therefore we have limited data on how classical MHC class |
expression by DFT1 has evolved over time. As DFT1 has spread across Tasmania, it has evolved
into distinct subclones, or clades, with certain clades becoming dominant in different regions of
Tasmania (Kwon et al., 2020). Therefore, the variation in classical MHC class | expression may be
due to different clades having evolved different levels of classical MHC class | expression. While
there was no significant difference between classical MHC class | by tumours in the North-West
versus the South-East (Figure 4.4), sample numbers for the North-West are low (n=17), including
three tumours from inoculated or induced devils, and only two areas are being compared. In
addition, multiple clades exist in a region (Kwon et al., 2020); as such, a more detailed method to
investigate classical MHC class | in different clades would be through genetic analysis of the

tumour to group tumours by clades.

Another possible explanation for the variation in classical MHC class | expression by DFT1 is
plasticity in MHC class | expression in response to environmental factors, such as host immune
responses. This plasticity could be due to epigenetic mutations in components of the APP, where
classical MHC class | expression can be upregulated by exposure to cytokines, such as IFNy (Siddle
et al., 2013). For example, in the devil, Orange, both tumours increased in classical MHC class |
expression between sampling in February 2020 and May 2020, which indicates DFT1 cells can
change their classical MHC class | expression. Modulation of classical MHC class | expression is a
mechanism employed by CTVT throughout its infection of a host, where expression is up- and

downregulated dependent on the stage of infection (Belov, 2011; Murgia et al., 2006).

Both clade-dependent and plastic classical MHC class | expression could explain the variable
expression in tumours infecting the same host (Figure 4.2A). Tumours that vary from each other
may belong to different clades, or the tumours are exposed to slightly different environmental
pressures and alter their classical MHC class | expression accordingly. It is also likely that multiple
factors are affecting classical MHC class | by DFT1, therefore both situations could be at play in the

population.
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Interestingly, DFT1 tumours have variable periaxin expression. DFT1 cells have previously been
found to be consistently high for periaxin expression and periaxin was used as a specific marker
for DFT1 (Murchison et al., 2010). However, many tumours lacked or were variable for expression
based on IHC staining (Figure 4.5). These findings are important for future experiments, as
periaxin can no longer be used as a sole marker for DFT1 cells, and for interpreting previous
results, as older tumours also stained negative for periaxin (for example Savuti T4 from 2011).
DFT1 cells express periaxin because they originate from a myelinating (differentiated) Schwann
cell (Murchison et al., 2010; Owen et al., 2021). As periaxin is only expressed in differentiated
cells, loss in DFT1 may indicate DFT1 is dedifferentiated in these tumours. DFT1 cells were found
to have dedifferentiated in DFT1 tumours that had escaped the immune system in vaccinated
devils (Patchett et al., 2021). Dedifferentiation of DFT1 cells could increase plasticity of classical

MHC class | expression in tumours.

443 Implications and future study

Understanding the immune response, if any, against DFT1 is vital to understanding how the
cancer evades the host immune system to transmit among the population, and how to design
therapeutic interventions. Previously, it was believed that all DFT1 cells had totally downregulated
MHC class | to evade the immune system, however, many DFT1 tumours have stained positively
for classical MHC class | expression. Therefore, evasion of host T cell responses by DFT1 is not as
straightforward as previously suggested. Further work is needed to establish whether classical
MHC class | molecules are expressed on the surface of DFT1 cells for recognition by immune cells.
If so, investigation into how these cells avoid the host immune system is warranted. Additionally,
host-tumour mismatch should be investigated for DFT1 tumours, as host immune recognition

could contribute to differences in classical MHC class | expression between tumours.
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Chapter 5 MHC class | genotyping of DFT hosts to assess
the role of host-tumour mismatch in MHC

class | loss

5.1 Introduction

An immune response against transmissible cancers is expected due to disparate MHC class |
alleles between cancer cells and their host. Despite expression of cell surface classical MHC class |
(Caldwell et al., 2018), DFT2 is able to spread among Tasmanian devils with little to no T cell
infiltration in DFT2 tumours (Caldwell et al., 2018). Variability in classical MHC class | expression
by DFT2 cells in tumour biopsies (Caldwell et al., 2018, see Chapter 3 - Section 3.2), and the total
loss of classical MHC class | in some tumours observed by IHC staining (see Chapter 3 — Section
3.2), suggests there is selective pressure for MHC class | loss, which likely arises from host immune

recognition of classical MHC class | alleles expressed by the tumour but not the host.

The variability of classical MHC class | expression by DFT2 tumours suggests that DFT2 is in the
process of losing classical MHC class | expression as it spreads through the population. This may
be due to selective pressure from the host immune system in response to unrecognised, non-self
tumour MHC class | alleles. We predict that where classical MHC class | expression is high in a
tumour, the host would have a similar MHC class | genotype, and where classical MHC class | has

been lost, there would be mismatch between tumour and host classical MHC class I.

Previous studies suggested that DFT1 tumours evaded the host immune system through complete
loss of classical MHC class | from the cell surface. However, IHC staining of primary biopsies has
shown not all DFT1 tumours are MHC class | negative (see Chapter 4 — Section 4.2). MHC class |
loss in DFT1 is due to epigenetic downregulation of $2m and TAP and has been shown to be
reversible with inflammatory cytokines and epigenetic modification (Burr et al., 2019; Siddle et al.,
2013), therefore it is possible classical MHC class | is being upregulated in response to the local
tumour environment. As with DFT2, selective pressure for downregulation of classical MHC class |

in DFT1 cells is likely greater in hosts with a mismatched MHC class | genotype to the cancer.

To investigate whether classical MHC class | mismatch between tumour and host is driving MHC
class | loss by DFT1 and DFT2, we examined the MHC class | allotypes in 29 host samples and
compared these to the DFT1 and DFT2 allotypes. Host samples were collected from individuals

trapped in the d’Entrecasteaux peninsula, in conjunction with tumour sampling. This is integrated
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with examination of MHC class | expression in DFT1 and DFT2 primary tumours in Chapter 3 and
Chapter 4. Classical MHC class | genes were amplified by RT-PCR using RNA extracted from ear
biopsies. The amplified product was sequenced using an Illlumina MiSeq and reads aligned to
Tasmanian devil classical MHC class | allele, Sahal*27. Host classical MHC class | genotypes were
compared to known DFT alleles to assign hosts as matched or mismatched. Mismatch data was
then assessed against tumour expression scores to determine whether there is a correlation

between host-tumour MHC class | mismatch and classical MHC class | loss by tumour cells.

5.1.1 Aims and objectives

This chapter addresses Hypothesis 1, “DFT2 is losing MHC class | expression during progression

through the devil population” (see Chapter 1 — Section 1.5):

Aim 3: Investigate classical MHC class | mismatch between tumour and host as a driver of

MHC class | loss by DFT2.
The objectives of this chapter are:

1. Genotype DFT hosts for classical MHC class | by Next Generation Sequencing.

2. Compare classical MHC class | genotype of DFTs to that of their hosts to identify
mismatched alleles.

3. Examine whether there is a correlation between host-tumour mismatch and tumour

classical MHC class | expression.

5.2 Sequencing reveals Tasmanian devils have between two and five

classical MHC class | alleles.

To investigate host-tumour classical MHC class | mismatch in DFTs, 29 DFT hosts (matched to
tumours stained in Chapter 3) collected between September 2016 and May 2019, along with a
DFT1 cell line, 4906_IFNy, and a DFT2 cell line, RV, were sequenced by NGS using cDNA for
classical MHC class I. To upregulate classical MHC class | expression for sequencing in 4906, the
cells were treated with IFNy prior to RNA extraction. See Table D 1 for samples used for classical

MHC class | genotyping; for further sample information see Table A 1.

Forward reads were assigned against Tasmanian devil classical MHC class | alleles previously
identified (Caldwell and Siddle, 2017). Reverse reads were not used for analysis as they were of
lower quality and had fewer reads than the forward data set. Raw forward reads, prior to

processing, had a mean of 163,118 per replicate (range 69,001 — 494,077 reads). After processing,
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the mean assigned reads per replicate were 106,906 (range 32,822 —342,618), shown in Figure

5.1. On average, the number of assigned reads was 65.4% of the raw reads.

The experimental design aimed to achieve 100,000 reads per sample, with 3 replicates per
sample. This allowed comparison between replicates; alleles that were found in only one replicate
were regarded as artefacts and the replicate discarded. A high threshold for reproducibility is
important when dealing with a duplicated locus known for its high level of polymorphism. During
analysis, two samples, Simone and Willie, were removed as all three replicates were discordant
for alleles called. This left 27 DFT host samples: 11 DFT1 hosts and 16 DFT2 hosts. Five of these
samples, Cyprus, Harry, Pooh, Selma, and Snowball, had a replicate discarded (n=2) as it did not
match the alleles called for the other two replicates. For the other samples, the alleles called

matched across all three replicates (n=3).

The DFT cell lines acted as a control to validate sequencing analysis as the MHC class | alleles in
these samples have been previously defined with this primer set (Caldwell et al., 2018). Variant
calling correctly assigned DFT1, 4906_IFNy and DFT2, RV classical MHC class | alleles, matching
previous sequencing of these cell lines (Caldwell et al., 2018; Gastaldello et al., 2021); Sahal*27,
Sahal*35, Sahal*46, and Sahal*90 for DFT1, and Sahal*27, Sahal*35, Sahal*74, and Sahal*90 for
DFT2.

Out of the 34 classical MHC class | alleles from Caldwell and Siddle (2017), 14 alleles were called
across the 29 samples (shown in Figure 5.2). In addition, two alleles were identified that were not
in the allele list taken from Caldwell and Siddle (2017). These sequences were BLAST on NCBI for
matches to existing Tasmanian devil nucleotide sequences. One sequence matched with 100%
sequence identity for 3 previously identified classical MHC class | alleles, Sahal*37 (GQ411487.1),
Sahal*72 (GQ411480.1), and Sahal*79 (GQ411445.1). As the amplicon was not long enough to
distinguish between these 3 alleles, the sequence was named Sahal*37/72/79 for analysis. The
second sequence did not match any existing alleles, and was named Sahal*103, to follow on from
new alleles identified by Tovar et al. (2017). Sahal*37/72/79 was found in two individuals, Krum

and Summer, and Sahal*103 appeared in one individual, Tibet.

Sequencing analysis found devils express between two and five classical MHC class | alleles (Figure
5.3). Only one sample, Taco, had two alleles called, and the most common number of alleles was

four.
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Figure 5.1 Number of reads for classical MHC class | sequencing.

104

Mean read numbers for Tasmanian devil samples sequenced for classical MHC class | genes using lllumina MiSeq. Raw reads are the forward reads from
sequencing (blue), trimmed reads (green), aligned reads (yellow) and assigned reads (red) show the culling of reads during sample processing. Black bars

represent standard deviation. Cyprus, Harry, Pooh, Selma, and Snowball are n=2. All other samples are n=3. Created using GraphPad.
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Figure 5.2 Classical MHC class | nucleotide alighment of unique alleles called for Tasmanian devil and DFT sequencing.

Sequences span exon 2 to exon 3 of the MHC class | gene. Alignment created in CLC Main Workbench 22.0.
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Figure 5.3 Number of classical MHC class | alleles per sample

The number of classical MHC class | alleles called per sample, based on nucleotide
sequences from lllumina sequencing. Tasmanian devil samples had between two and

five classical MHC class | alleles, where the mean was 4. Created using GraphPad.
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53 All devils share a common classical MHC class | allele.

Strikingly, of the 27 individuals sequenced, all devils expressed Sahal*27 (shown in Figure 5.4)

including the DFT cell lines. The allele with the next highest expression in the population is

Sahal*35 at 66.7% (18 devils), then Sahal*29 at 55.6% (15 devils). The other 13 alleles were found

in 33.3% of the devils or less (<9 devils). These results indicate that the diversity of classical MHC

class | expression in the d’Entrecasteaux peninsula is limited. Interestingly, five of the six highest

expressed classical MHC class | alleles in the devils sequenced are expressed by DFT1 and/or DFT2

—Sahal*27, Sahal*35, Sahal*46, Sahal*74, and Sahal*90.
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Figure 5.4 Tasmanian devils share a common classical MHC class | allele.

Bar chart showing the percentage of individuals, out of 27 DFT hosts sequenced, that
express each classical MHC class | allele. Sahal*27/27-1 is expressed by all devils.
Created using GraphPad. Crosses on the right indicate alleles expressed by DFT1
(blue) or DFT2 (red).
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5.3.1 Few MHC class | alleles are mismatched between tumour and host.

To investigate mismatch between the classical MHC class | genotype of DFTs and their hosts, DFT
alleles that were not expressed by their host were compared to the host genotype, as
mismatched DFT alleles are most likely to be antigenic to the host devils. Amino acid sequences of
mismatched DFT classical MHC class | alleles were compared to the sequences of host alleles for
their closest match. The MHC class | alleles called from sequencing analysis were translated into
amino acid sequences, shown in Figure 5.5, and percentage sequence identity and similarity
between alleles calculated using Sequence Manipulation Suite: Ident and Sim (“Ident and Sim,”
2020). Percentage sequence identity and similarity were calculated using sequences trimmed
from position 2 to 75 in the amino acid alignment (Figure 5.5); except for comparisons to
Sahal*37/72/79 and Sahal*103, which were calculated from position 16 to 75 to prevent skewed
data due to missing residues. To compare alleles from a functional perspective, the number of
mismatched residues at positions predicted to interact with the TCR or bind a peptide for
presentation were calculated. Tasmanian devil classical MHC class | amino acid sequences were
aligned with Human HLA-A (hla-a2.1; PDB: 3HLA_A, Gl: 230875) and residues assigned based on
postulated residues by Bjorkman and Parham (1990) (predicted TCR and peptide residues shown

in Figure 5.5).

Tables for classical MHC class | allele comparisons; percentage sequence identity, percentage
sequence similarity, mismatched TCR residues, and mismatched peptide residues are included in

Appendix C (Table D2-D 5).
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Figure 5.5 Amino acid alignment of classical MHC class | alleles

Alignment of amino acid sequences of classical MHC class | alleles expressed by DFT cell lines and Tasmanian devils sequenced from the d’Entrecasteaux

peninsula. Stars indicate residues predicted to interact with the TCR, and diamonds indicate residues predicted to bind the peptide. Residue predictions

, Figure 4. Alignment created in CLC Main Workbench 22.0.

were calculated by referencing Bjorkman and Parham (1990)
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DFT1 and DFT2 classical MHC class | genotypes were compared with that of their hosts, to identify
which DFT alleles were mismatched in each host. A DFT allele was termed mismatched if the allele
was not expressed by the host. As all devils sequenced expressed Sahal*27 (Figure 5.4), this allele
was not mismatched between DFTs and their hosts (Figure 5.6A). Sahal*35, the second highest
expressed allele in the population, was rarely mismatched at 27.3% of DFT1 hosts (n=11) and
31.3% of DFT2 hosts (n=16). For DFT1, the two commonly mismatched alleles were Sahal*46 and
Sahal*90, both mismatched in 72.7% of hosts. For DFT2, Sahal*74 and Sahal*90 were each

mismatched in 75.0% of hosts.

The mismatched DFT alleles were compared to host alleles for the closest allele match in each
host based on percentage amino acid sequence identity and similarity (Figure 5.6B). For Sahal*35
in DFT1, the closest host allele was always Sahal*29 (n=3), while in DFT2 (n=5), Sahal*29 was the
closest host allele in 80% of mismatches, while in the other 20% of DFT2 hosts the closest allele
was Sahal*33. Percentage amino acid sequence identity to Sahal*35 for Sahal*29 is 98.65% and
for Sahal*33 is 95.95%. None of these mismatched residues occur at positions predicted to
interact with the TCR, with the only major difference between the amino acids sequences being 3
residues predicted to bind the peptide (Figure 5.5). Therefore, even when mismatched, Sahal*35

has high similarity to most host classical MHC class | genotypes.

For DFT1, when Sahal*46 was mismatched (n=8), the closest host allele in 75% of mismatches was
also Sahal*29, which appears to be commonly expressed in population, and had an amino acid
sequence identity and similarity of 95.95%, which does not translate to residues predicted to
interact with the TCR (Figure 5.5). In the other 25% of mismatches the closest host alleles were
Sahal*57 and Sahal*74 (representing one individual each), which had 95.95% sequence identity
and 94.59% sequence identity to Sahal*46, respectively, and both translated to one ‘TCR residue’
mismatch. For DFT2, in hosts where Sahal*74 was not expressed (n=12) the closest host allele was
Sahal*27, which is expressed by all devils in the population. Sahal*27 is closely related to
Sahal*74 at 98.65% sequence identity, with no mismatched residues occurring at ‘TCR residues’
and only 1 at a residue predicted to bind the peptide. Though Sahal*46 in DFT1 and Sahal*74 in

DFT2 were mismatched in over 72% of hosts, they share sequence similarity with commonly

expressed alleles in the population, therefore are unlikely to immunogenic to their hosts.
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Figure 5.6 Classical MHC class | mismatches are uncommon between DFTs and their hosts.

DFT1 and DFT2 classical MHC class | genotypes compared with classical MHC class |
alleles expressed by their hosts. (A) The percentage of hosts that do not express each
DFT1 (n=11) and DFT2 (n=16) classical MHC class | allele. (B) The closest host allele
for each DFT allele mismatch, based on percentage amino acid sequence identity and

similarity (see Table D 2 and Table D 3), as a percentage of mismatches for that allele.
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(C) Top - Graphs showing the mean percentage amino acid sequence identity and
similarity for each DFT1 (left) and DFT2 (right) classical MHC class | allele to the
closest allele in each host. Bottom — Graphs for the mean number of mismatched
residues, that are predicted to interact with the TCR or bind peptide, between DFT1
(left) and DFT2 (right) alleles and their closest allelic match in each host. DFT1 (n=11),
DFT2 (n=16). Created using GraphPad.

Sahal*90 was commonly mismatched in both DFT1 and DFT2 hosts. In mismatched DFT1 hosts
(n=8) there were five different closest host allele matches, and for DFT2 hosts (n=12) there were
6; the closest host allele matches for both cancers ranged between 89.19% and 91.89% amino
acid sequence identity to Sahal*90. Sahal*33 was the most common allele match in DFT1 hosts at
37.5% of mismatches, with a sequence identity of 91.89%. For DFT2 the most common allele was

Sahal*46 (33.3% of mismatched hosts), which has 90.54% sequence identity.

Unlike other DFT alleles, Sahal*90 does not share similarity with classical MHC class | alleles that
are highly expressed in the population, therefore it is potentially the most antigenic of the tumour
alleles. This is reflected in the mean amino acid sequence identity/similarity and mean residue
mismatches (Figure 5.6C). For each DFT allele, the closest host alleles were found, and the mean
% sequence identity and similarity calculated. The DFT and host allele sequences were also
compared at residue positions predicted to interact with the TCR or bind peptides for
presentation (residue predictions based on Bjorkman and Parham, 1990). Key residues are
illustrated in Figure 5.2 and residue comparisons between alleles shown in Table D 4 and Table D
5. Sahal*90 has the lowest mean sequence identity and similarity in DFT1 (92.94% and 93.39%)
and DFT2 (92.18% and 93.15%). This corresponds with the highest mean residue mismatches,
with 0.9 for TCR and 3.3 for peptide in DFT1 hosts, and 1.4 for TCR and 4.4 for peptide residues in
DFT2.

As Sahal*27 has no mismatches in DFT hosts, it has 100% sequence similarity and 0.0 residue
mismatches. Sahal*35, despite having 98.65% mean sequence identity in DFT1 and DFT2 to the
closest host allele, this does not translate to TCR or peptide residue mismatches, so Sahal*35 is
unlikely to elicit a T cell response. In DFT1, Sahal*46 had the second lowest mean sequence
identity (95.76%), and while it had 3.1 mean peptide residue mismatches, this did not translate to
TCR residue mismatches, at 0.3. Sahal*74 in DFT2 had the same mean sequence identity as
Sahal*35 (98.65%), and similarly had 0.0 TCR residue mismatches and only 1.0 mean peptide

residue mismatches.
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To investigate whether there was a correlation between host-tumour mismatch and loss of
classical MHC class | expression in tumours, allelic mismatch data described above was compared
to classical MHC class | expression scores from matched tumours in Chapter 3. Not all host
samples had stained tumours, but both DFT1 and DFT2 had 10 host samples with matched
tumours. Some individuals had multiple tumours, which gave 11 stained tumours for DFT1 and 17
for DFT2. Tumour expression scores for classical MHC class | were compared to percentage
sequence identity and mismatched residues, for each host overall and for frequently mismatched
alleles, for example Sahal*90. The host expression of Sahal*27 and Sahal*90 was also plotted
against classical MHC class | expression scores (Appendix Figure D 1 and Figure D 2). Across these
data no correlation was found between classical MHC class | expression and host-tumour MHC
class | mismatch (Spearman’s correlation). However, analysis was limited by sample number. A

significance level of p<0.05 was used for all statistical tests.
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5.4 Host devils and tumour cells express higher levels of classical MHC

class | molecules that are common in the population.

As classical MHC class | genes were amplified from cDNA for sequencing and the primers for
classical MHC class | are expected to amplify alleles equally (Caldwell et al., 2018), read numbers
correspond to the expression levels of each allele. Sahal*27, which is expressed in all samples
(Figure 5.4), has the highest number of reads in all samples, shown in Figure 5.7, while other

alleles have lower read numbers.

Total read numbers vary between samples, therefore, to visualise the allele expression levels,
reads were plotted as a percentage of the total reads for each sample (Figure 5.7B) (scripts for
analysis are available at https://doi.org/10.5258/SOTON/D3092). This further illustrates that
Sahal*27 is highly expressed at an individual level, with 48.9% mean reads (range 28.3% - 75.0%)

in Tasmanian devils (excluding cell lines).

Other common alleles in the population also have a higher percentage of read numbers than less
common alleles (Figure 5.7B). Sahal*35 has a mean expression of 19.8%, Sahal*29 - 18.4%, and
Sahal*46 - 20.0%, compared to a mean expression of 15.2% for all other alleles (excluding
Sahal*27, Sahal*35, Sahal*29, and Sahal*46). Sahal*90, which is expressed by DFT1 and DFT2,
and is commonly mismatched between tumour and host, has a mean expression of 17.1%, but

was only expressed in six devils (22.2%) (Figure 5.4).

As is shown in Figure 5.7A, most devils that do not have Sahal*35, express closely related allele
Sahal*29 (98.65% sequence identity). This is reflected in host mismatch data (Figure 5.6B), where
the closest allele to Sahal*35 in most mismatched hosts is Sahal*29. These results highlight that
there is high expression of common alleles in the population. Sahal*27, Sahal*35, and Sahal*29
are highly expressed in the population and by individuals, therefore Sahal*27 and Sahal*35

expression by DFTs not likely to be antigenic.

To probe allele expression levels in DFT cell lines (4906_IFNy and RV), in Figure 5.8 percentage
reads (tumour cell expression (%)) were plotted against mean host sequence identity (%), taken
from percentage sequence identity in Figure 5.6C. DFT2 expresses much higher levels of Sahal*27
(57.7%) than other classical MHC class | alleles (between 10.9% and 18.6%). With Sahal*27 being
highly expressed in the population and individuals, this allele has 100% sequence identity to hosts,
therefore high levels of expression by DFT2 could be advantageous for host immune evasion. In
DFT1, while Sahal*27 has the highest expression, it is not dissimilar from the other alleles; all

DFT1 classical MHC class | alleles had expression levels between 18.8% — 33.4%.
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Figure 5.7 Tasmanian devils and DFTs express high levels of a common classical MHC class |

allele, Sahal*27.

Data from classical MHC class | sequencing of Tasmanian devils from the
d’Entrecasteaux peninsula, along with a DFT1 cell line treated with IFNy, 4906 _IFNy,

and a DFT2 cell line, RV. (A) Heatmap showing mean read numbers for each sample.
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All samples n=3, except for Cyprus, Harry, Pooh, Selma, and Snowball, which are n=2.
Generated using pheatmap package in R. (B) Graph presenting mean reads per allele
as a percentage of the total reads for that sample. Generated using ggplot2 in R.
Crosses in the table above represent DFT alleles expressed in each sample, except

Sahal*27, which is expressed in all samples.
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Figure 5.8 DFT2 has higher expression of Sahal*27 than other classical MHC class | alleles.

Mean reads from NGS sequencing of DFT1 cell line, 4906 treated with IFNy and DFT2
cell line, RV, presented as a percentage of total reads for that sample (n=3).
Percentage of reads for an allele represent relative expression by the cell line.
Percentage expression is plotted against the mean host sequence identity (%) to the
closest host allele in DFT1 (n=11) and DFT2 (n=16) hosts. Green dashed line shows
the mean host expression of each DFT allele based on number of reads. Created

using GraphPad.
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5.5 Discussion

In this chapter, 27 Tasmanian devils from the d’Entrecasteaux peninsula were sequenced for
classical MHC class | (captured between September 2016 — May 2019) for comparison to matched
tumour samples. A common allele, Sahal*27, was expressed by all devils, and had the highest
allele expression at an individual level (by read number), supporting previous sequencing of three
DFT2 hosts (Caldwell et al., 2018). As Sahal*27 is expressed by both DFT1 and DFT2, widespread

expression of this allele may facilitate immune evasion of these tumour cells.

It is important to note that Sahal*27 and Sahal*27-1 could not be distinguished from each other
using the sequencing data. Therefore, Sahal*27 could represent two alleles in some samples if
they express both Sahal*27 and Sahal*27-1, which may contribute to the high read numbers.
However, Sahal*27 and Sahal*27-1 only differ by one non-synonymous substitution at a position
not predicted to interact with the TCR or bind peptides, thus, from a functional perspective these
allele sequences are identical. Alternatively, Sahal*27 reads could represent a single homozygous

locus, however the pattern of read numbers does not support this.

This is the first use of NGS for RNA sequencing of Tasmanian devil MHC class | and increases the
number of devils sequenced for classical MHC class | from the d’Entrecasteaux peninsula.
Previously only three devils had been sequenced from this area (Caldwell et al., 2018), with

Fentonbury being the closest site of large-scale MHC class | sequencing (Cheng et al., 2022, 2012).

The target level of sequencing depth was achieved, with a mean of 106,906 reads/sample (range
32,822 — 342,618) after processing. The genotype for a DFT1 and DFT2 cell line, used as controls,
were accurately called across replicates, matching previous sequencing (Caldwell et al., 2018;
Gastaldello et al., 2021). Between 2 — 5 alleles were called per individual. This fits with previous
findings of between 1-6 (Cheng et al., 2022) and 2 — 7 (Siddle et al., 2010) classical MHC class |
alleles in an individual. It is likely some of these devils have more classical MHC class | alleles,
particularly Taco, which only had two (Figure 5.3). This could be due to polymorphic sites lying
outside of the amplified region, or that alleles were missed during sequencing, though the latter is
less likely due to the depth of sequencing. Further, as Sahal*27 was called for all samples, some
samples will express Sahal*27 and Sahal*27-1, therefore they have an additional allele which
could not be resolved from this data. For example, we know from previous work (Caldwell et al.,
2018) that DFT1 and DFT2 express both Sahal*27 and Sahal*27-1, therefore 4906-IFNg and RV

each have five classical MHC class | alleles.

Two alleles were identified that were not included in the list of alleles from Caldwell and Siddle

(2017). These were named Sahal*37/72/79 and Sahal*103 for analysis in this thesis, expressed in
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two and one individual(s) respectively. These alleles were called in all three replicates in the
individuals they were expressed in. Additionally, Sahal*37/72/79 was identical to three previously
identified classical MHC class | alleles, and Sahal*103 matched an allele identified by Cheng et al.

(2022), UB*06:02:01:01, confirming these sequences are unlikely to be artefacts.

5.5.1 Genotyping the d’Entrecasteaux population identified key DFT alleles for immune

activation and evasion.

There is widespread expression of common alleles in the d’Entrecasteaux population; Sahal*27
(100%), Sahal*35 (66.7%), and Sahal*29 (55.6%) - the later has high similarity to Sahal*35. As a
result, the antigenicity of Sahal*27 and Sahal*35 expressed by DFT1 and DFT2 genomes is very

low to null (see 5.3.1).

These results correspond with classical MHC class | sequencing of devil populations across
Tasmania presented by Cheng et al. (2022). Sahal*27 and Sahal*35 could not be linked to a single
allele found by Cheng et al. (2022), due to long-read sequencing identifying alleles with sequence
variations outside of the exon 2 — 3 amplicons used for Illumina sequencing. However, Sahal*27
amplicon matched seven alleles (UB*08:01:01:01, UB*12:01:01:01, UC*01:01:01:01,
UC*01:01:01:02, UC*01:02:01:01, UC*01:04:01:01, and UC*04:05:01:01), and the Sahal*35
amplicon also matched seven alleles (UA*02:01:01:01, UA*02:01:01:02, UA*02:01:01:03,
UA*02:01:01:04, UA*02:03:01:01, UA*02:03:02:01, and UA*05:02:01:01). Some of these
sequences were highly expressed across the devil population (Cheng et al., 2022), particularly

alleles matched with Sahal*27 (UC*01:01).

As the full classical MHC class | sequence cannot be identified from the short read data, and
Sahal*27 and Sahal*35 relate to multiple sequences identified by Cheng et al. 2022, it may be
that these called alleles are representing multiple allele sequences across the population. The
sequences that matched Sahal*27 share amino acid sequence identities of 97.59% — 100%, and
the sequences matched with Sahal*35 had sequence identities of 99.31% - 100%. These
differences in amino acid sequence do not translate to differences at residues predicted to
interact with the TCR. In summary, while the overall sequence between these alleles would differ,
the polymorphic region in the al — a2 domain, which interacts with the TCR, is identical between
them. Therefore, Sahal*27 and Sahal*35 still represent high expression of the same functional

allele in the population.

Interestingly, Sahal*90 was commonly mismatched between tumour and host for both DFT1 and
DFT2. This allele lacks a similar allele that is widely expressed in the population, such as Sahal*35

and Sahal*29, resulting in the lowest sequence identity/similarity for both DFT1 and DFT2 alleles.
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In addition, the sequence differences translate to the highest mismatches at TCR and peptide
residues in both DFT1 and DFT2. Therefore, Sahal*90 is predicted to be the most immunogenic

allele in both cancers and is a key target for the design of vaccines and immunotherapies.

In terms of DFT1, the application of classical MHC class | genotyping in this population could be
limited, as it only covers devils sequenced from the d’Entrecasteaux peninsula, where DFT2
emerged. DFT1, however, originated in North-eastern Tasmania. As the cancer has spread across
most of Tasmania, it may have encountered different selective pressures due to differing classical
MHC class | diversity in other populations. However, the mean sequence identity and similarity
are the same for the full list of alleles from Caldwell and Siddle (2017) (identity 91.2%, similarity
92.5%) versus the called alleles (identity 91.2%, similarity 92.7%). Sequencing by Cheng et al.
(2022) across Tasmania also found there was only one population of devils with lower classical
MHC class | diversity (South-west), which is geographically isolated. The other populations,
separated into North-western and Eastern, had the same level of diversity. Therefore, the

d’Entrecasteaux peninsula is likely to be fairly representative of diversity in the population.

5.5.2 DFT classical MHC class | expression is not as simple as mismatch with the current

host.

Though there was no correlation found between classical MHC class | loss, or immune activation,
and host-tumour mismatch, this does not mean there is no link between the two. The number of
matched hosts and tumours available was limiting (n=10 each for DFT1 and DFT2), with several
tumours coming from the same individual. As such, there is likely not enough samples to properly

assess correlation.

In addition, tumour cells will have encountered multiple hosts prior to the individual they were
infecting when the sample was taken; therefore, immune recognition from previous hosts will
play a role in MHC class | expression of the tumour. Thus, host-tumour classical MHC class |
mismatch is likely to play a role in expression of MHC class | by the tumour, but there may not be

a direct correlation between DFT expression and the MHC class | genotype of the current host.

From work on allograft rejection in Tasmanian devils, we know they can reject matched and
mismatched skin grafts (Kreiss et al., 2011), therefore limited diversity in devil classical MHC class
| alleles shouldn’t prevent an immune recognition of mismatched DFT alleles expressed by tumour
cells. The generation of antibody responses against DFT1 classical MHC class | has been found in
two wild devils (Pye et al., 2016a), and demonstrated during vaccine trials (Pye et al., 2018; Tovar

et al., 2017). Despite this, immune responses against DFT1 appear to be rare in the wild.
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The apparent lack of immune response against tumours expressing classical MHC class | suggests
there are other factors at play than classical MHC class | expression alone. A possible mechanism
employed by the tumour cells is up- and down-regulation of classical MHC class | within a single
host depending on the stage the tumour is at. This is an adaptation observed in CTVT, where the
tumour cells downregulate classical MHC class | expression during early stages of infection and
expression is upregulated at a later stage in response to cytokines, by which point the cancer has
already been transmitted to a new host (Belov, 2011; Murgia et al., 2006). While this has not been
studied in DFT1 or DFT2, and modelling of DFTs in Tasmanian devils is limited as they are an
endangered species; DFT1 epigenetically downregulates classical MHC class |, and expression can
be restored to the cell surface by treatment with inflammatory cytokine, IFNy (Siddle et al., 2013)
or overexpression of transcriptional coactivator, NLRC5 (Ong et al., 2021). For DFT2, our current
cell lines are from early in the emergence of DFT2 (Pye et al., 2016b), therefore newer cell lines

would be needed to investigate.

5.5.3 High expression of a common allele is advantageous for DFT2.

Based on relative read data, DFT2 expresses higher levels of Sahal*27 (57.7%) than other classical
MHC class | alleles; agreeing with previous sequencing of DFT2 cell lines (Caldwell et al., 2018).
This is also reflected in higher expression of Sahal*27 heavy chains by DFT2 cells (Gastaldello et
al., 2021). As Sahal*27 is highly expressed both in the population and at an individual level, this
allele is the least immunogenic; expression of this allele by DFT2 above other classical MHC class |

could prevent host immune recognition by ‘shielding’ other alleles against recognition by T cells.

High expression of Sahal*27 may be an advantage afforded by the founder devil, as some
individuals express high levels of Sahal*27 (Figure 5.7B). Or it could have evolved over time, either
through upregulation of Sahal*27, or downregulation of other classical MHC class | alleles in
response to immune pressures. The modulation of specific MHC class | alleles by cancer cells is
well documented (Dhatchinamoorthy et al., 2021; Jongsma et al., 2021), however, this is often
through loss of expression, such as loss of heterozygosity or modifications to the peptide
presentation pathway, while upregulation of classical MHC class | alleles is not common in cancer.
Current DFT2 cell lines were taken from tumours early in the emergence of the cancer (Pye et al.,
2016b); therefore, it would be interesting to study allele expression levels in DFT2 cells taken from

more recent tumours.

120



Chapter 5

5.5.4 Classical MHC class | alleles were downregulated by DFT1.

While DFT1 also expresses 2 alleles common in the population, Sahal*27 and Sahal*35, it
expresses similar levels of all four assigned alleles at the RNA level, which could be an artificial
finding due to upregulation of the genes by IFNy treatment. However, isolation of MHC class |
heavy chains found the highest allele expressed by DFT1 (treated with IFNy) was Sahal*35, with a
low level of Sahal*90 and no expression of other classical MHC class | (Gastaldello et al., 2021).
This variation in protein expression, despite roughly equal transcription, could be historical, where
DFT1 downregulated expression of specific alleles prior to a total loss of MHC class | via epigenetic

modification (Siddle et al., 2013).

Of interest is the lack of Sahal*27 expression at the protein level, as, based on population
sequencing, the expression of Sahal*27 is unlikely to result in an immune response. This could
indicate that DFT1 emerged in an area with lower expression levels of Sahal*27 in the population,
resulting in immune recognition by hosts lacking the allele, and subsequent downregulation by
DFT1. DFT1 might not have had the same advantage as DFT2 of expressing MHC class | alleles that
are common in the area it emerged. Combined with the rapid spread across Tasmania, DFT1 may
have been exposed to stronger selective pressure from the immune system than DFT2, which lead

to total downregulation of classical MHC class I.

5.5.5 Implications and further study

The results presented in this chapter indicate the expression of common alleles in the population
confers an advantage to DFT2 for evading the host immune system. DFT2 expressed high levels of
an allele expressed in all devils sequenced. This was based on a cell line developed early in the
evolution of DFT2, therefore newer cell lines are needed to investigate how classical MHC class |
expression levels have changed as the tumour cells spread through the population, particularly as

there is total loss of classical MHC class | expression in some DFT2 tumours (shown in Chapter 3).

Conversely, despite expressing RNA for all four assigned alleles (following IFNy treatment) at
equal levels, DFT1 only expresses heavy chains for two alleles. This may reduce the likelihood of
host recognition when classical MHC class | is upregulated. While there is the chance of T cell
recognition of mismatched alleles, upregulation of classical MHC class | may be upregulated in
response to the local immune environment, like CTVT, and prevent activation of NK cells in

response to lack of MHC class | on the cell surface.

No correlation was found between host-tumour classical MHC class | mismatch and classical MHC

class | expression by tumour cells, however, sample numbers were low. To confidently draw
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conclusions about the effect of host-tumour mismatch as an ongoing driver of MHC class | loss by
DFT2, more host samples need to be sequenced with matched tumour samples. Gaining a greater
understanding of MHC class | host-tumour mismatch is important for understanding how DFTs are
evolving, and is important for the development of vaccines. Based on these results, Sahal*90 is

the best MHC class | candidate for a vaccine target.
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Chapter 6 Investigation of non-classical MHC class |

expression in DFT1

6.1 Introduction

Downregulation of classical MHC class | by DFT1 cells explains the lack of T cell response to these
tumours. However, an NK cell response to a lack of MHC class | on the cell surface, called ‘missing
self’, would be expected. Tasmanian devils have functional NK cells (Brown et al., 2011) but an
immune response against DFT1 is rarely observed. Plasticity in classical MHC class | expression
afforded by epigenetic mutations in the peptide presentation pathway (Burr et al., 2019; Siddle et
al., 2013) could allow DFT1 cells to upregulate expression in response to the local environment.
This would overcome NK cell activation but would once again put tumour cells at risk of T cell
recognition. Thus, we would expect strong selective pressure from the host immune system for

development of further immune evasion mechanisms in DFT1 cells.

Some cancers upregulate non-classical MHC class | molecules to induce immunotolerance (Kochan
et al., 2013), as non-classical MHC class | have a role in immunosuppression; for example, they are
expressed by trophoblasts at the maternal-foetal barrier in the placenta to prevent rejection of
the foetus by the maternal immune system (Djurisic and Hviid, 2014; Tersigni et al., 2020). Non-
classical MHC class | molecules often have limited polymorphisms, so are less likely to be
recognised as ‘non-self’ by T cells, while their expression on the cell surface provides an inhibitory

ligand for NK cells (Allen and Hogan, 2013).

Previous studies have found expression of non-classical MHC class | in DFT1 tumours. A DFT1
tissue biopsy expressed devil non-classical Saha-UD and Saha-UK (Cheng and Belov, 2014).
However, whether the expression originated in host or tumour cells was not confirmed in this
study. Further, Saha-UD heavy chain protein was confirmed in a DFT1 cell line treated with IFNy
(Gastaldello et al., 2021). We hypothesise that, in DFT1 tumours where classical MHC class | has
been downregulated, non-classical MHC class | molecules could be upregulated to prevent an NK

cell response to ‘missing self’.

To investigate non-classical MHC class | expression by DFT1 tumours, 76 tumour biopsies were
stained by IHC for non-classical MHC class | molecules, Saha-UD and Saha-UK. Antibodies against
devil non-classical, Saha-UD and Saha-UK were generated in our lab previously (Caldwell, 2018;
Caldwell et al., 2018). The anti-Saha-UK antibody was validated by Caldwell et al. (2018), and the

Saha-UD antibody screened during my master’s degree (Hussey, 2018), but was not validated. In
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this chapter, the anti-Saha-UD antibody was validated using Western blots to test antibody
specificity and IHC controls. As with classical MHC class | staining (see Chapter 3), IHC staining of
tumour biopsies was quantified via expression scoring based on strength of staining, using semi-
automated image analysis. Serial sections of tumours were used for IHC, enabling comparison
between classical and non-classical MHC class | expression scores. Non-classical MHC class |
expression scores were assessed in relation to immune markers, IFNy and CD3, to assess whether

they are immunosuppressive in DFT1 tumours.

6.1.1 Aims and objectives

This chapter addresses Hypothesis 2, “DFT1 expresses non-classical MHC class | to evade the host

immune response” (see Chapter 1 — Section 1.5):
Aim 5: Investigate non-classical MHC class | expression in primary DFT1 tumours.

Aim 6: Investigate whether non-classical MHC class | expression correlates with a ‘colder’

tumour immune environment.
The objectives of this chapter are:

1. Validate an antibody against devil non-classical MHC class |, Saha-UD.

2. Stain DFT1 biopsies by IHC using devil-specific non-classical MHC class | antibodies, Saha-
UD and Saha-UK.

3. Compare classical and non-classical MHC class | expression scores.

4. Compare non-classical MHC class | expression to IHC staining for immune markers (CD3

and IFNy)

6.2 Anti-Saha-UD antibody, a-14-37-3, specifically bind recombinant

non-classical Saha-UD protein.

Monoclonal antibodies against devil non-classical, Saha-UD were previously generated by
Caldwell (2018) and screened by Hussey (2018). Screening of eight Saha-UD antibodies using FFPE
devil spleen samples identified two antibodies that give strong staining by IHC with minimal
background staining (Hussey, 2018; Hussey et al., 2022). These two antibodies, a-14-37-3
(labelled as UD(3) in Figure 6.1) and a-14-37-5 (UD(5)), were tested for their specificity to Saha-

UD via Western blot.

A recombinant protein was produced for non-classical, Saha-UD to run as a positive control for

Saha-UD antibodies. Coomassie gels and Western blots showing induction of Saha-UD
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recombinant protein production are shown in Appendix Figure E 1. Recombinant Saha-UD heavy
chain protein was stained with the UD(3) and UD(5) antibodies, along with a pan specific anti-
Saha-UA-UB-UC antibody, a-UA/UB/UC_15-25-8, and an anti-Saha-UK antibody, a-UK_15-29-1
(Caldwell et al., 2018) (hereafter referred to as UABC and UK antibodies respectively) as negative
controls (Figure 6.1A). UD(3) and UD(5) both identified Saha-UD recombinant protein, giving
bands at ~44 kDa, the size expected for the recombinant protein. UD(5) produced stronger
staining, but also stained for multiple bands above and below the ~44 kDa band for Saha-UD,
which were not seen on the UD(3) blot. This was likely non-specific staining of other proteins in
the bacterial lysate, as the Saha-UD recombinant protein was not purified prior to Western blot
analysis. The UABC and UK antibodies both gave a very faint band for Saha-UD, validating that

these antibodies do not have a strong affinity for non-classical Saha-UD.

Recombinant MHC class | heavy chain proteins, classical Saha-UC and non-classical Saha-UK,
previously produced in our lab (Caldwell, 2018), were probed with the anti-Saha-UD antibodies to
exclude the possibility of cross-reactivity with closely related devil MHC class | heavy chain
proteins (Figure 6.1B). As expected, the UABC and UK antibodies stained for Saha-UC (~38 kDa)
and Saha-UK (~35 kDa) recombinant proteins respectively, with the UK antibody also binding
weakly to the Saha-UC protein. For their respective proteins, there were additional bands at a
lower molecular weight. As these were purified recombinant protein samples, the bands are likely
due to protein degradation resulting from freeze-thawing. This was tested by running the proteins
on an SDS-PAGE gel and staining with Coomassie Blue, where the same bands were observed
(Appendix Figure E 2). The UD(3) antibody produced very faint bands for Saha-UC and Saha-UK
recombinant proteins. As devil classical MHC class | molecules have a high sequence similarity
(Caldwell and Siddle, 2017), the result observed for Saha-UC is expected to reflect all classical
MHC class I. Therefore, these results indicate the UD(3) antibody does not have a strong binding
affinity for either classical MHC class | or non-classical Saha-UK and is specific for non-classical
Saha-UD. The UD(5) antibody didn’t produce a band for Saha-UK protein, however it did stain for
Saha-UC (~38 kDa), therefore it is not a specific antibody against non-classical MHC class |, Saha-

UD (Figure 6.1B).

To further validate the specificity of the UD(3) antibody, serial lymph node samples were stained
using a mouse IgG2a isotype control antibody and a secondary only control (Figure 6.1C). As Saha-
UD antibody, a-14-37-3 was specific for recombinant Saha-UD heavy chain (Figure 6.1A&B) and
produced negative secondary and isotype controls (Figure 6.1C), it was used to investigate Saha-

UD expression in DFT1 FFPE tumour biopsies by IHC.
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Figure 6.1 Non-classical, Saha-UD antibody a-14-37-3 is specific for Saha-UD recombinant
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protein.

(A) & (B) Two anti-Saha-UD antibodies, clones a-UD_14-37-3 (UD(3)) and a-UD_14-
37-5 (UD(5)) were screened by Western blot for protein specificity. Blots were
stained with antibodies against classical Saha-UA, -UB, and -UC (UABC), a-
UA/UB/UC_15-25-8, and non-classical Saha-UK (UK), a-UK_15-29-1, as positive
controls for their respective proteins and negative controls for other MHC class .
Blots were run with: (A) recombinant Saha-UD heavy chain protein, (B) recombinant
Saha-UC and Saha-UK heavy chain proteins. (C) Formalin-fixed paraffin-embedded
Tasmanian devil submandibular lymph node samples were stained by
immunohistochemistry with the a-UD_14-37-3 (UD(3)) anti-Saha-UD antibody, along
with secondary antibody only and an IgG2a isotype antibody as controls. Images
were taken at 200x magnification. Positive cells are stained brown, nuclei are stained

blue. Black arrows indicate cells with positive staining. Scale bars = 100 um.
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6.3 DFT1 tumour cells express non-classical, Saha-UD and Saha-UK

To investigate Saha-UD expression in DFT1, the validated UD(3) antibody (a-14-37-3) was used to
stain 76 DFT1 tumour biopsies (supplied by Dr Rodrigo Hamede and Prof Gregory Woods,
University of Tasmania) by IHC, collected from 56 individuals between May 2006 — April 2022.
Some tumour sections were stained by master’s students, Ella Milne and Neve Prowting, under
my supervision. To quantify IHC staining, an expression score was generated based on the
strength of staining in areas of tumour cells, with 0 indicating no staining, and 4 representing
strong staining. Expression scores were assigned by automated image analysis in Image J and Fiji

(see Methods Section 2.5.2), and manually checked for accuracy.

IHC analysis confirmed Saha-UD is expressed by DFT1 tumour cells (Figure 6.2); though expression
levels are variable, and it is not expressed by all tumours. Levels of Saha-UD expression by DFT1
tumours appears to have changed little over time, however analysis is limited due to low sample

numbers pre-2013.

Saha-UD was expressed in 61 DFT1 tumours (80.3%) (see Figure 6.3). Lower expression levels
were common, with 46.1% (35 tumours) assigned an expression score of 1, and 19.7% (15
tumours) an expression score of 2. Higher expression scores of 3 and 4 were least common, at

10.5% (8 tumours) and 3.9% (3 tumours), respectively.
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Figure 6.2 Non-classical, Saha-UD expression is highly variable in DFT1 tumours.

Non-classical, Saha-UD expression in DFT1 tumour biopsies over time (n=76). Saha-
UD expression scores, based on the strength of IHC staining, are plotted against the
sample collection date (Date of Capture). 0 = no staining for classical MHC class |, 4 =
very strong staining. Expression scores are discrete variables — jitter has been applied
to the data points for visualisation. Example images for expression scores are shown
to the right of the graph. IHC images were taken at 200x maghnification. Positive cells

are stained brown; nuclei are stained blue. Scale bars = 100 um.
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Figure 6.3 Most DFT1 tumours express non-classical, Saha-UD.

Percentage of DFT1 tumours (n=76) assigned each expression score for non-classical

MHC class I, Saha-UD staining by IHC. 0 = no IFNy staining, 4 = strong IFNy staining.

To verify positive Saha-UD expression observed by IHC, 10 primary DFT1 samples stored in
RNAlater, taken from the same tumours stained by IHC, were tested by RT-PCR (Figure 6.4).
Included in this analysis were 3 DFT1 cell lines (DFT1_1426, DFT1_4906, and DFT1_C5065), and
devil spleen (Spleen_TD209) as a positive control. Samples were amplified using primers specific
for Saha-UD and a ribosomal protein, RPL13A, as a control (primers detailed in Table 2.4).
Consistent with previous results, DFT1 cell lines were positive for Saha-UD heavy chain (Caldwell
et al., 2018; Gastaldello et al., 2021; Pye et al., 2016b). All DFT1 primary tumours were positive by
IHC and RT-PCR, confirming the results obtained with the UD(3) antibody. Tumours negative for
Saha-UD were not tested by RT-PCR, as samples stored in RNAlater were not available. These
results confirm Saha-UD expression in DFT1 tumours from different individuals, but it is difficult to
compare expression levels as, based on the IHC results, some contamination from host cells is

expected in the biopsies.
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Figure 6.4 Confirmation of non-classical MHC class | expression detected by a Saha-UD

antibody.

(A) Immunohistochemistry (IHC) staining of formalin-fixed paraffin-embedded (FFPE)
DFT1 tumour samples using anti-Saha-UD antibody, a-14-37-3. Black arrows indicate
DFT1 tumour cells with positive staining for Saha-UD. Images taken at 200x
magnification. Positive cells are stained brown, nuclei are stained blue. Scale bars =
100 pum. (B) RT-PCR for Saha-UD on DFT cell lines and primary tumours, matched to
DFT1 tumours stained by IHC. RPL13A, encoding a ribosomal protein, was used as a
loading control. A no cDNA control is included for each. Asterisks indicate 300 bp on

the DNA ladder.
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Seventy-four DFT1 biopsies (collected from 56 individuals) were also stained for expression of
non-classical MHC class |, Saha-UK, using antibody clone a-15-29-1, previously used in our lab
(Caldwell et al., 2018), by IHC. Tumours were analysed using the same expression scoring method

as classical MHC class | and non-classical, Saha-UD, described above.

Thirty-seven DFT1 tumours stained positively for non-classical, Saha-UK. Expression scores for
Saha-UK are less variable than Saha-UD, and Saha-UK expression scores do appear to increase
over time (Figure 6.5), however, this may be an artefact of low sample numbers for earlier dates.
Overall, DFT1 tumours were assigned lower expression scores (Figure 6.6), with over half of
tumours negative for expression (expression score of 0) at 50.7% (38 tumours). Most tumours
that stained for Saha-UK were assigned an expression score of 1 (36.0%, 27 tumours). Only 10.7%
(8 tumours) and 2.7% (2 tumours) were assigned expression scores of 2 and 3, respectively, and

no tumours had an expression score of 4.

It is important to note that differences in expression scores between Saha-UD and Saha-UK might
not be reflective of different expression levels between the two proteins. These differences may
be the result of different antibody affinities between Saha-UD and Saha-UK; therefore, their
expression scores cannot be directly compared.
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Figure 6.5 Some DFT1 tumours express non-classical, Saha-UK.

Non-classical, Saha-UK expression in DFT1 tumour biopsies over time (n=75). Saha-UK
expression scores, based on the strength of IHC staining, are plotted against the

sample collection date (Date of Capture). 0 = no staining for classical MHC class I, 4 =
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very strong staining. Expression scores are discrete variables — jitter has been applied
to the data points for visualisation. Example images for expression scores are shown
to the right of the graph. IHC images were taken at 200x magnification. Positive cells

are stained brown; nuclei are stained blue. Scale bars = 100 um.
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Figure 6.6 Non-classical, Saha-UK expression in DFT1 tumours is low.

Percentage of DFT1 tumours (n=75) assigned each expression score for non-classical

MHC class I, Saha-UK staining by IHC. 0 = no IFNy staining, 4 = strong IFNy staining.

6.3.1 MHC class | expression is variable within tumours.

Thirty-three biopsies were collected at the same time as another biopsy from the same devil
(n=14). As these tumours are exposed to the same immune system, it is interesting to study
whether they differ in non-classical MHC class | expression. For Saha-UD, there are only slight
differences in expression scores between biopsies taken from the same host (Figure 6.7A). The
majority of biopsies (82.4%) taken from the same devil have the same expression score or differ
by an expression score of 1. However, there are two devils, Bump and Orange, whose tumours
differ by an expression score of 3. Both devils have a tumour negative for Saha-UD and a tumour

with an expression score of 3. Orange was capture twice; the first time (February 2020), both
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tumours were negative for Saha-UD, while from the second captured (May 2020), one tumour

had developed high Saha-UD expression (score of 3).

In addition to the variations in Saha-UD expression between DFT1 tumours, there was
heterogeneity within tumours (Figure 6.7B). Heterogeneity was classed as samples that contained
tumour cells with high-moderate Saha-UD expression and tumour cells that were low-negative. At
least 17 tumours (50%) had intra-tumour heterogeneity for non-classical Saha-UD expression,
where strong/moderate Saha-UD-positive tumour cells neighbour tumour cells with weaker
staining, or no staining at all. For over half of these tumours, this was observed throughout the
tumour, for example, Crabtree T3, Nudibranch T1, TD505 T2, and TD505 T3 (Figure 6.7B). Other
tumours had areas with consistent Saha-UD expression, either positive or negative, in addition to
areas with interspersed tumour cells of varying Saha-UD expression, as observed in Crabtree T1,
Crabtree T2, Grommit, and Maui T1 (Figure 6.7B). Interestingly, there was no clear pattern for

areas that were high expressing and areas that were low or negative.
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Figure 6.7 Non-classical, Saha-UD expression can be highly variable within DFT1 tumours.

(A) Non-classical MHC class I, Saha-UD expression in DFT1 tumour biopsies over time,
for samples collected from the same host (n=33). Saha-UD expression scores, based
on the strength of IHC staining, are plotted against the sample collection date (Date
of Capture). 0 = no staining for classical MHC class |, 4 = very strong staining.

Expression scores are discrete variables — jitter has been applied to the data points
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for visualisation. (B) IHC images for FFPE DFT1 tumour samples showing
heterogeneous intra-tumour staining for Saha-UD. Black arrows indicate DFT1
tumour cells with strong staining for Saha-UD, white arrows indicate DFT1 tumour
cells that are negative or have lower levels of staining for Saha-UD. Images taken at
100x magnification. Positive cells are stained brown, nuclei are stained blue. Scale

bars =100 um.

For Saha-UK, tumours in the same host have the same expression score or vary by an expression
score of 1, the same as observed for Saha-UD (Figure 6.8A). There were two devils whose tumours
had a greater difference in expression scores: Orange and TD505. Both devils have two tumour
biopsies, one negative and the another assigned an expression score of 2. Orange was captured
twice and, as with Saha-UD, both biopsies from the first capture in February 2020 were negative
for Saha-UK, while on the second capture (May 2020) one tumour had a higher expression score
of 2 for Saha-UK. Interestingly, the hosts with tumours that varied by an expression score of
greater than 1 for Saha-UD (Figure 6.7A) or Saha-UK (Figure 6.8A) were not the same hosts that

varied by an expression score of greater than 1 for classical MHC class | (Figure 4.2A).

Some DFT1 tumours were also heterogenous for Saha-UK expression (Figure 6.8B). There were
fewer heterogenous tumours for Saha-UK (five tumours) than Saha-UD, but this may be because
there are few tumours expressing Saha-UK. As with Saha-UD, all heterogenous tumours had
higher expressing tumours cells near lower expressing, or negative, tumour cells. Two tumours,
Rivulet T1 and Turmeric T1 (Figure 6.8B), also had areas of tumour cells that were consistently

negative or positive for Saha-UK, in addition to areas with neighbouring heterogenous cells.
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Figure 6.8 Non-classical, Saha-UK expression can vary within DFT1 tumours.

(A) Non-classical MHC class |, Saha-UK expression in DFT1 tumour biopsies over time,
for samples collected from the same host (n=33). Saha-UK expression scores, based
on the strength of IHC staining, are plotted against the sample collection date (Date
of Capture). 0 = no staining for classical MHC class |, 4 = very strong staining.
Expression scores are discrete variables — jitter has been applied to the data points
for visualisation. (B) IHC images for FFPE DFT1 tumour samples showing
heterogeneous intra-tumour staining for Saha-UK. Black arrows indicate DFT1
tumour cells with strong staining for Saha-UK, white arrows indicate DFT1 tumour

cells that are negative or have lower levels of staining for Saha-UD. Images taken at
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100x magnification. Positive cells are stained brown, nuclei are stained blue. Scale

bars = 100 um.

Non-classical MHC class | expression by DFT1 was investigated as an immunomodulatory
mechanism for preventing recognition of ‘missing self’ due to a lack of classical MHC class |
expression. As some DFT1 tumours were heterogenous for expression of non-classical Saha-UD
and Saha-UK, DFT1 tumours were assessed for classical MHC class | heterogeneity. If non-classical
MHC class | expression is being upregulated to protect tumour cells that have lost classical MHC
class | expression, we would expect areas of higher non-classical MHC class | expression in

heterogeneous tumour to correlate with areas of lower classical MHC class |.

As expected, some DFT1 tumours were heterogenous for classical MHC class | expression
(examples shown in Figure 6.9). Of the 14 tumours heterogenous for classical MHC class I, seven
were also heterogenous for either non-classical, Saha-UD or Saha-UK. Two of these tumours were
also heterogeneous for Saha-UK, Aurora T1 and Mania T1. Mania T1 was also heterogeneous for
Saha-UD, along with five other tumours: Crabtree T2, Franklin T1, Maui T1, TD505 T3, and Tiarna.
Serial sections of tumour biopsies were stained by IHC to enable comparison between MHC class |
staining. For tumours that were heterogenous for both classical and non-classical (either Saha-UD
or Saha-UK), while not identical, both had similar patterns of expression, where classical and non-

classical MHC class | were expressed in similar areas (except for Aurora T1 and Franklin T1).

As tumours are not always heterogeneous for both classical and non-classical MHC class |,
expression of non-classical MHC class | is not solely based on classical MHC class | expression in
the tumour. However, correlation in expression patterns between DFT1 tumours that are
heterogeneous for both classical MHC class | and non-classical Saha-UD, suggests Saha-UD can be

related to that of classical MHC class | expression by tumour cells, whether directly or indirectly.
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Figure 6.9

138
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Classical MHC class | expression can be highly variable within DFT1 tumours.

IHC images for FFPE DFT1 tumour samples showing heterogeneous intra-tumour
staining for Classical MHC class I. Black arrows indicate DFT1 tumour cells with strong
staining, white arrows indicate DFT1 tumour cells that are negative or have lower
levels of staining for classical MHC class I. Images taken at 100x magnification.

Positive cells are stained brown, nuclei are stained blue. Scale bars = 100 um.
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6.4 Non-classical expression by DFT1 correlates with classical MHC class

| expression.

Based on our hypothesis that non-classical Saha-UD is upregulated in DFT1 tumours to prevent NK
cell activation due to ‘missing self’, we would expect higher levels of Saha-UD expression when
there is lower classical MHC class | expression. To compare expression of classical MHC class |
Saha-UA, -UB and -UC with that of non-classical Saha-UD (n=76) and Saha-UK (n=75), serial
sections of DFT1 tumours were stained, and the expression scores plotted against each other

(Figure 6.10).

Instead of an inverse correlation between classical and non-classical MHC class | expression,
predicted by the hypothesis, a strong positive correlation was observed for both Saha-UD (Figure
6.10A; Spearman’s correlation, rho=0.167, t=3.04x10, p<0.05) and Saha-UK (Figure 6.10B;
Spearman’s correlation, rho=0.532, t=9.22x107, p<0.05). Despite a positive correlation between
classical and non-classical MHC class | expression, classical MHC class | and non-classical, Saha-UD
or Saha-UK are not always co-expressed in a tumour. Notably, 22 tumours (28.9%) expressed low
levels of Saha-UD, but not classical MHC class I. This fits the hypothesis that non-classical MHC
class | will be upregulated when classical MHC class | expression is lost by tumour cells. There
were also eight (10.7%) tumours that expressed non-classical, Saha-UK, which did not express

classical MHC class I. However, the majority of tumours do not follow this pattern.

Expression scores were also compared between non-classical, Saha-UD and Saha-UK (Figure 6.11).
There was a strong positive correlation between Saha-UD and Saha-UK expression (Spearman’s
correlation, rh0o=0.626, t=1.95x107°, p<0.05). Twenty-four DFT1 tumours (32.0%) expressed Saha-

UD and not Saha-UK, while only one tumour expressed Saha-UK and not Saha-UD.

This could be due to differences in antibody affinities, which is unconfirmed. However,
recombinant protein titration by Western blot indicates anti-Saha-UK antibody, a-UK_15-29-1,
has a higher affinity for its target protein than anti-Saha-UD antibody, a-14-37-3 (Appendix Figure
E 3). If antibody affinity by Western blot is reflective of affinity by IHC, DFT1 tumours more
frequently express Saha-UD than Saha-UK in vivo. Potentially indicating non-classical MHC class |,

Saha-UD is more valuable for immune evasion than Saha-UK.
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Figure 6.10 Non-classical MHC class | expression correlates with classical MHC class | in DFT1

tumours.

Non-classical, (A) Saha-UD (n=76) and (B) Saha-UK (n=75) expression in DFT1 tumour
biopsies compared with Classical MHC class | expression scores. Expression scores are
based on the strength of IHC staining; 0 = no staining, 4 = very strong staining.

Expression scores are discrete variables — jitter has been applied to the data points
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for visualisation. Both Saha-UD (rho=0.617, t=3.04x107°) and Saha-UK (rho=0.532,
t=9.22x107) expression have a strong positive correlation with classical MHC class |

(Spearman’s correlation, p<0.05).

®
74
®
- ®
o ® ®
0 2
o ®
] ® -
c ®
o
]
@ rho=0.626
; p<0.05
> -
®
§ ® b C ®
o ®e ® L ®
=1 . 0% ®
g b4 ey . » L
® L] @ ® ®
®
s * ® e e e e’ o
® ®
o @ ° ®
0 @ = w @ o, . 26
* 0 ® n=
® ® e .
0 1 2 3 4

Saha-UD expression score

Figure 6.11 Non-classical, Saha-UD and Saha-UK expression correlate with each other in DFT1

tumours.

Expression of non-classical MHC class |, Saha-UK and Saha-UD expression scores in
DFT1 tumour biopsies compared with each other (n=76). Expression scores are based
on the strength of IHC staining; 0 = no staining, 4 = very strong staining. Expression
scores are discrete variables — jitter has been applied to the data points for
visualisation. Expression of Saha-UD and Saha-UK have a strong positive correlation

(Spearman’s correlation, rho=0.626, t=1.95x10°, p<0.05).
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6.5 Immune markers (IFNy and CD3)

To investigate whether non-classical MHC class | expression has an immunoregulatory function in
DFT1 tumours, non-classical MHC class | expression scores were compared to IHC staining for
immune markers, IFNy, an inflammatory cytokine, and CD3, a marker for T cells. If non-classical
expression creates an immunosuppressive tumour environment, low levels of IFNy and CD3 would

be expected.

Unexpectedly, both non-classical, Saha-UD (rho=0.415, t=2.48x1073) and Saha-UK (rho=0.383,
t=6.01x103) expression by DFT1 tumour cells have a positive correlation with IFNy expression
(Spearman’s correlation, p<0.05) (Figure 6.12A and Figure 6.13A). In addition, there is higher non-
classical MHC class | expression, Saha-UD (t=4.47x10%) and Saha-UK (t=4.48x102), when CD3+
cells are present in the tumour biopsy (Wilcoxon rank sum test, p<0.05) (Figure 6.12B and Figure
6.13B). Looking at the location of CD3+ cells, there was a significant difference in Saha-UD
expression for CD3+ cells in the stroma (Kruskal-Wallis rank sum test; t=0.0125, p<0.05) (Figure
6.12C). However, there was no significant difference between any of these groups when using
Dunn’s test adjusted for pairwise comparison. There was no significance for Saha-UD based on
CD3+ cells in the tumour (Figure 6.12D), and no significance for Saha-UK expression for CD3+ cells
in either stroma or tumour (Wilcoxon rank sum test, p<0.05) (Figure 6.13C&D). A significance level
of p<0.05 was used for all statistical tests. The lack of significance for CD3+ cells in the stroma or
tumour, despite being significant for CD3+ cells present in the biopsy, is likely due to there being

too many categories for the sample number.
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Figure 6.12 Non-classical, Saha-UD expression correlates with IFNy expression in DFT1 tumours.

Non-classical, Saha-UD expression in DFT1 tumour biopsies compared with (A) IFNy
expression scores (n=51), (B) presence of CD3+ cells (n=42), (C) CD3+ cells in the
stroma (n=42), or (D) CD3+ cells among tumour cells (n=42). Expression scores are
based on the strength of IHC staining; O = no staining, 4 = very strong staining.
Expression scores are discrete variables — jitter has been applied to the data points
for visualisation. There is a positive correlation between Saha-UD and IFNy
expression scores (rho=0.415, t=2.48x107, p<0.05). There was also a significant
difference in Saha-UD expression for CD3+ cells present (t=4.47x1073) and CD3+ cells
in the stroma (t=1.25x107?), but not for CD3+ cells in the tumour. ‘ns’ = not significant

(p>0.05).
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Figure 6.13 Non-classical, Saha-UK expression correlates with IFNy expression in DFT1 tumours.

Non-classical, Saha-UK expression in DFT1 tumour biopsies compared with (A) IFNy
expression scores (n=50), (B) presence of CD3+ cells (n=42), (C) CD3+ cells in the
stroma (n=42), or (D) CD3+ cells among tumour cells (n=42). Expression scores are
based on the strength of IHC staining; O = no staining, 4 = very strong staining.
Expression scores are discrete variables — jitter has been applied to the data points
for visualisation. There is a positive correlation between Saha-UD and IFNy
expression scores (rho=0.383, t=6.01x107, p<0.05). There was also a significant
difference in Saha-UD expression for CD3+ cells present (p = 4.48x1072), but not for

CD3+ cells in the stroma or tumour. ‘ns’ = not significant (p>0.05).
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6.5.1 Classical and non-classical MHC class | expression by DFT1 does not correlate with

tumour volume.

It was noted that many tumours heterogeneous for MHC class | expression were biopsies taken
from larger tumours, such as Crabtree T1, Crabtree T2, Grommit, Franklin T1, and TD505 T3.
Additionally, large tumours from devils, Crabtree and TD505 were high expressing for classical
MHC class | and non-classical, Saha-UD. To investigate whether there was a difference in MHC
class | or IFNy expression by tumour volume, expression scores for non-classical, Saha-UD (n=52),
non-classical, Saha-UK (n=52), classical MHC class | (n=52), and IFNy (n=44), were plotted against
tumour volume (mm?3) (Appendix Figure E 4). A significance level of p<0.05 was used for all
statistical tests. There is no correlation between tumour volume and MHC class | or IFNy
expression (Spearman’s correlation). However, most tumour volume data was for smaller

tumours, which may have skewed the analysis.

6.5.2 Non-classical MHC class | expression in DFT1 tumours does not correlate with host

and tumour factors.

There may be differences in non-classical MHC class | expression based on location; as different
DFT1 clades have become dominant in different regions of Tasmania (Kwon et al., 2020). Non-
classical MHC class | expression by DFT1 tumour cells based on location was investigated using the
Area and Broad Area groupings of sample sites previously assigned for classical MHC class |
analysis in Section 4.2.1 (see Figure 4.4A). A significance level of p<0.05 was used for all statistical
tests. There was no significant difference in non-classical, Saha-UD expression by DFT1 (Figure
6.14A ; n=76) for either Broad Area (Wilcoxon rank sum test; t=0.569) or Area (Kruskal-Wallis rank
sum test; t=0.379). Saha-UK expression by DFT1 (Figure 6.14B; n=75) did not differ by Area
(Kruskal-Wallis rank sum test; t=0.0643), however there was a significant difference between
expression for Broad Area (Wilcoxon rank sum test; t=0.0102, p<0.05), with the mean in the
South-East being higher than the North-West. While this might be a result of lower sample
numbers, it could indicate that there are differences in Saha-UK expression between DFT1 clades

circulating in these areas.

Other factors were also investigated for effect on non-classical MHC class | by DFT1: sex of the
host, age, host tumour load, season, secondary infection of the tumour, and tumour location,
which could all influence host immune response and may translate to differences in non-classical
MHC class | expression. There was no difference in Saha-UD expression in DFT1 based on age
(t=0.305), season (t=0.551), or tumour location (t=0.426) (Kruskal-Wallis rank sum test), sex of

host (t=0.765) or secondary infection (t=0.932) (Wilcoxon rank sum test), and there was no
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correlation between classical MHC class | expression scores and tumour load (Spearman's rank
correlation; t=0.884) (Appendix Figure E 5). The same was found for Saha-UK, with no significance
for age (t=0.186), season (t=0.291), or tumour location (t=0.0635) (Kruskal-Wallis rank sum test),
sex of host (t=0.112) or secondary infection (t=0.858) (Wilcoxon rank sum test), and there was no
correlation between classical MHC class | expression scores and tumour load (Spearman's rank

correlation; t=0.817) (Appendix Figure E 6).

Non-classical MHC class | expression by DFT1 tumour cells was also assessed compared to classical
MHC class | host-tumour mismatch data from Chapter 4, to investigate whether non-classical
MHC class | is upregulated in response to host recognition of tumour classical MHC class | alleles.
No correlation was found for Saha-UD (Appendix Figure E 7) or Saha-UK (Appendix Figure E 8) in
relation to host-tumour classical MHC class | mismatch, either for percentage sequence identity or
mismatched TCR residues, or host expression levels of classical MHC class |, Sahal*27, or Sahal*90

(Spearman’s correlation).
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Figure 6.14 Non-classical MHC class | expression is not associated with area of sample

collection.

Non-classical, (A) Saha-UD and (B) Saha-UK expression by DFT1 tumours based on
the area of sample collection. A map of Tasmania showing the sample sites included
in ‘Broad Area’ and ‘Area’ is shown in Figure 4.4A. Non-classical MHC class |
expression is based on the strength of IHC staining. 0 = no staining, 4 = very strong

staining. Expression scores are discrete variables — jitter has been applied to the data
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points for visualisation. There is no significant difference in IFNy expression by Broad

Area or Area. ‘ns’ = not significant (p>0.05).

6.6 Discussion

6.6.1 Non-classical MHC class | is widely expressed in DFT1 tumours.

A specific monoclonal antibody against devil non-classical Saha-UD (a-UD_14-37-3), previously
generated (Caldwell, 2018) and screened in our lab (Hussey, 2018; Hussey et al., 2022), has been
validated, which shows little cross-reactivity with other devil recombinant MHC class | proteins
(classical Saha-UC and non-classical Saha-UK). This antibody was used by IHC to confirm Saha-UD
expression in DFT1 tumours, though expression varies between tumours. Saha-UD expression in

10 of the DFT1 biopsies was also confirmed by RT-PCR using Saha-UD specific primers.

Both non-classical, Saha-UD and Saha-UK are expressed by DFT1 tumour cells, though expression
of varies between (Figure 6.3) and within (Figure 6.7 and Figure 6.8) tumours. Expression of non-
classical Saha-UD heavy chain has previously been found in three DFT1 cell lines (Caldwell et al.,
2018; Gastaldello et al., 2021; Pye et al., 2016b) and this study provides the first evidence of Saha-
UD expression in primary DFT1 biopsies. Based on IHC staining, Saha-UD expression is common in
DFT1 tumours from different individuals, with 80.3% of tumours (n=76) expressing Saha-UD. In
contrast, Saha-UK expression is less common in DFT1 tumours (49.3%, n=75). Previously three
tumours were stained for Saha-UK expression, Chauncy Vale, Lonnavale, and Franklin (Caldwell,
2018); this study increases the number and timespan of DFT1 tumours stained by IHC for Saha-UK.
MRNA expression has also been confirmed in DFT1 cell line, 4906 (Caldwell et al., 2018) and a
DFT1 biopsy (Cheng and Belov, 2014), but there was no Saha-UK heavy chain from B.m pulldown
on IFNy-treated 4906 (Gastaldello et al., 2021), therefore, it is possible this MHC class | heavy

chain does not bind B.m and may have a role other than peptide presentation.

6.6.2 Non-classical expression by DFT1 tumours may play a role in preventing recognition

of classical MHC class | molecules.

Based on our original hypothesis, loss of classical MHC class | would be expected to correlate with
gain of non-classical expression to avoid NK cell activation against ‘missing self’. While some DFT1
tumours (28.9%, n=76) expressed non-classical Saha-UD when there was no classical MHC class |
expression, both non-classical Saha-UD and Saha-UK have a strong positive correlation with

classical MHC class | expression by DFT1 tumour cells.
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Though these results do not support our hypothesis, non-classical Saha-UD expression may still
play a role in immune evasion of DFT1. Given that classical MHC class | expression in DFT1 is
antigenic (Tovar et al., 2017) and we have found that Saha-UD is often expressed when there is
classical MHC class |, non-classical Saha-UD could be creating an immunosuppressive environment
to prevent host recognition. Saha-UD alleles are under purifying selection, resulting in very few
polymorphisms, therefore immune responses to Saha-UD molecules on the cell surface are
unlikely. In humans, expression of non-classical HLA-E, HLA-F, and HLA-G by extravillous
trophoblasts induces maternal immunotolerance of foetal cells, preventing recognition of
paternal alloantigens via the classical HLA-C molecules (Djurisic and Hviid, 2014; Tersigni et al.,
2020). We postulate that Saha-UD binds peptides, due to the similarity to classical MHC class |
sequences (Cheng et al., 2012; Cheng and Belov, 2014), and is expressed at the cell surface, as it
binds B2m (Gastaldello et al., 2021); so, it is possible that Saha-UD is providing an

immunosuppressive signal to the immune system.

Non-classical, Saha-UD and Saha-UK also have a positive correlation with each other. As classical
MHC class I, and non-classical, Saha-UD and Saha-UK expression are all positively correlated with
each other, it may be that these MHC class | molecules are all passively upregulated by a common
driver. Alternatively, non-classical MHC class | may be specifically upregulated for immune
suppression. The latter is more likely, as classical and non-classical MHC class | are not always co-
expressed in tumours. Particularly classical MHC class | is often expressed when Saha-UK is not
(Figure 6.10B) and Saha-UD is often expressed when classical MHC class | is not (Figure 6.10A),
suggesting non-classical MHC class | is upregulated independently of classical MHC class |.
Supporting this, non-classical Saha-UD expression is most likely to be controlled by a separate
pathway to classical MHC class | as it lacks many upstream promoters present for the classical
MHC class | genes, notably an IFNy response element (Cheng et al., 2012). In contrast, Saha-UK
does have an IFNy response element (Cheng et al., 2012), therefore we would expect
upregulation of both classical MHC class | and non-classical, Saha-UK in response to local

inflammation.

6.6.3 There is plasticity in non-classical MHC class | expression.

In addition to variation in non-classical MHC class | expression between DFT1 tumours, there was
also intra-tumour heterogeneity in some tumours. Heterogeneity was mainly observed for Saha-
UD, in 22.4% of tumours (n=76). Lower levels of heterogeneity for Saha-UK (6.7%, n=75) may be
due to lower levels of staining overall compared to Saha-UD. Some variation was also observed
for Saha-UD (Figure 6.7A) and Saha-UK (Figure 6.8A) expression between tumours infecting the

same individual.
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In one devil, Orange, who was captured twice, there was an increase in Saha-UD and Saha-UK
expression in one of the two tumour biopsies. This tumour was negative for both non-classical,
Saha-UD and Saha-UK when captured in February 2020, but had increased to expression scores of
3 and 2 for Saha-UD (Figure 6.7A) and Saha-UK (Figure 6.7B), respectively, when re-captured in
May 2020. These differences in expression score could be upregulation of non-classical MHC class
| by the tumour, or, as it has been shown that DFT1 tumours can be heterogeneous for expression
of non-classical MHC class |, this may be due to sampling of a different area of the tumour. Either
way, these results support intra-tumour variation of DFT1 tumours for non-classical MHC class |

expression.

The variation in Saha-UD and Saha-UK expression may be due to the individual interactions of
tumours with the host immune system. Expression of Saha-UD is higher in Christine (expression
score of 2) than Grommit and Tiarna (expression score of 1), despite all developing after
inoculation with cell line C5065, and Grommit and Tiarna both show intra-tumour heterogeneity.
Intra-tumour heterogeneity observed in DFT1 tumours highlights that Saha-UD expression may be
plastic in response to local tissue conditions, such as infiltrating immune cells. It has been shown
that DFT1 cells exhibit mesenchymal plasticity in response to immune activation following
immunisation (Patchett et al., 2021), changing to a dedifferentiated, immunosuppressive state.
Though MHC class | expression was not investigated, it could be controlled by similar pathways.
However, Saha-UD is located in a different region to the classical MHC class | genes and is missing
many upstream regulatory elements present for classical MHC class |, including an interferon
stimulated response element (Cheng et al., 2012). Thus, its response to local inflammation is

predicted to be limited.

If non-classical MHC class | expression were solely dependent on the local immune environment,
patterns of heterogeneity within the tumour would be expected. However, this was not seen in
most tumours. Some tumours had small areas with slightly higher Saha-UD expression on the
outside of clusters of tumour cells, which might be expected if Saha-UD were being upregulated in
response to infiltrating immune cells, but this was not conclusive or present throughout the
tumour. Thus, Saha-UD expression is likely to be associated with a combination of the sublineage
of DFT1, the history of host devils encountered by the tumour cells and the specific interactions
with the current host devil immune system. This is highlighted by varying levels of Saha-UD
expression in different DFT1 tumours infecting the same devil (see Figure 6.7 and Figure 6.8).
These tumours may originate from bite wounds from different devils and/or derive from infection
with different clades of DFT1 (Kwon et al., 2020). Tumour cells may have been subjected to
different selective pressures as they moved through the population prior to infection in the

current devil, which may produce differential interactions with the host immune system. This is
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akin to evolution observed in other emerging pathogens as they spread through a population;
acquiring mutations and genetic changes in response to the pressures of the host environments

they encounter, which leads to the development of variants.

As Saha-UK expression by DFT1 tumours was significantly higher in the South-East than the North-
West, this may reflect the genetic evolution of the cancer as it has spread across Tasmania. The
biopsy samples in this study are derived from two broad geographical areas in Tasmania: the
North-West, including 3 devils captured from the North-West and inoculated with DFT1 cell line,
C5065, obtained from Eastern Tasmania in 2005, and wild tumours collected from locations in and
around the d’Entrecasteaux peninsula, in the South-East (See Figure 4.4A). Though sample
number is limiting, it is possible the variation in Saha-UK expression is due to genetic differences
between DFT1 tumours in these areas (Kwon et al., 2020). Recent genotyping of DFT1 tumours
has found that early in its clonal evolution, DFT1 developed into multiple clades, some of which
have persisted and become dominant in particular geographic areas (Kwon et al., 2020;
Stammnitz et al., 2023), therefore, Saha-UK expression may be reflective of DFT1 sublineages. In
contrast, there is no significant difference for classical MHC class | or Saha-UD expression by area.
While expression of these MHC class | could be affected by their sublineages, this suggests

classical MHC class | and Saha-UD expression is more plastic than Saha-UK.

DFT1 tumours were also heterogenous for classical MHC class | expression. This may be due to
plasticity in classical MHC class | expression, afforded by epigenetic mutations in genes for
components of the peptide presentation pathway (Burr et al., 2019; Siddle et al., 2013), which can
be upregulated by cytokines, for example IFNy. This would be a similar progression as observed in
the transmissible cancer in dogs, CTVT, which regulates expression of MHC class | during infection
of a single host, with MHC class | downregulated during its progressive growth phase and
upregulated in response to cytokines during the regressive phase (Belov, 2011; Murgia et al.,
2006). An alternative scenario is that subclonal lineages of DFT1 are emerging that express
classical MHC class I. MHC class | expression on DFT1 cells has been shown to elicit an immune
response in devils (Tovar et al., 2017), therefore emergence of MHC class I-positive tumours may
contribute to recent findings of devil immune responses (Pye et al., 2016a) and tolerance to DFT1

(Margres et al., 2018).

Despite DFT1 tumours being heterogeneous for expression of classical MHC class I, and non-
classical, Saha-UD and Saha-UK, heterogeneity for these MHC class | were not always found in the
same tumours. Therefore, expression of classical and non-classical MHC class | is not directly
linked, supporting the conclusion that non-classical MHC class | expression is controlled

independently to classical MHC class I.
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6.6.3.1 Non-classical MHC class | expression could be upregulated in response to an

inflammatory tumour environment

As non-classical MHC class | expression in DFT1 tumours was hypothesised to be
immunoregulatory, it is expected to correlate with a ‘colder’ tumour environment. However, both
Saha-UD and Saha-UK expression by DFT1 cells have a positive correlation with markers for
immune activation, IFNy and CD3. As Saha-UD does not have a interferon stimulated response
element (Cheng et al., 2012), it is not predicted to be upregulated by IFNy directly. However, as
classical MHC class | expression by DFT1 can be upregulated by IFNy (Siddle et al., 2013), non-
classical MHC class | molecules may be upregulated with classical MHC class |, or upregulated in

response to host recognition of MHC class | via other cytokines or signalling molecules.

Non-classical MHC class | expression is unlikely to be in response to the presence of CD3+ cells
directly, as the number of CD3+ cells is low and there is little infiltration into the tumour.
However, there is an association between non-classical expression and the presence of CD3+ cells,
supporting the correlation with IFNy and the association of non-classical expression with an
inflammatory environment. The lack of CD3+ cells infiltrating the tumour when observed in the
biopsy also suggests that expression of non-classical MHC class | by DFT1 cells in these tumours

may be immunoregulatory.

Correlation of non-classical MHC class | expression with immune markers indicates Saha-UD and
Saha-UK may be upregulated due to a host immune response against tumour classical MHC class I.
Surprisingly, there was no correlation between Saha-UD or Saha-UK expression by DFT1 and host-
tumour mismatch. This may indicate that non-classical MHC class | expression is not related to
host recognition of disparate tumour alleles, or that DFT1 classical MHC class | alleles have the
potential to be immunogenic in all hosts and there are other factors affecting host immune

responses against DFT1 classical MHC class .

6.6.4 Implications and further study

In summary, non-classical MHC class |, Saha-UD and Saha-UK are expressed by DFT1 tumour cells,
though expression is variable. Due to its widespread expression, high heterogeneity between and
within tumours, and its expression in the absence of classical MHC class expression, Saha-UD is

most of interest.

Some tumours express Saha-UD, but not classical MHC class |, supporting the hypothesis that non-
classical MHC class | is upregulated to prevent an immune response against ‘missing self’.

However, most DFT1 tumours have a positive correlation between classical and non-classical MHC
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class | expression, where non-classical MHC class | is expressed when classical MHC class | is
expressed. Though this does not fit the hypothesis, non-classical MHC class | may still have an
immunosuppressive role in DFT1, by masking classical MHC class | molecules on DFT1 cells from

recognition by the host immune system.

An outstanding question for tumours that lack classical and non-classical MHC class | expression
is, how are they evading immune activation of NK cells to ‘missing self’? Possibly, they are
expressing other non-classical MHC class | molecules to inhibit NK cells, or other immune
modulators, such as cytokines. Another possibility is that expression of MHC class | by DFT1 cells is
plastic in response to the local environment, similar to CTVT (Belov, 2011; Murgia et al., 2006),

and is upregulated in response to immune activation, though this needs further investigation.

To investigate potential roles for Saha-UD in immune evasion, further work is needed to confirm
its ligand binding properties and interactions with immune cells. It should also be established
whether Saha-UD or Saha-UK are expressed at the surface of DFT1 cells for immune recognition. If
they are expressed at the cell surface, expression levels of Saha-UD and Saha-UK should be
compared with classical MHC class | to assess whether they are masking host recognition of

polymorphic alleles.

In addition, a wider range of DFT1 samples from different areas should be studied to investigate
whether there are differences in non-classical MHC class | expression, in different locations or by
DFT1 clades. As non-classical MHC class | expression appears to be important in DFT1 tumours,
expression of Saha-UD has been found in DFT2 cell lines (Caldwell et al., 2018; Gastaldello et al.,
2021), and Saha-UK expression in cell lines (Caldwell et al., 2018) and a limited number of

biopsies, expression should be investigated in a wider range of DFT2 biopsies.
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Chapter 7 Final discussion

7.1 Final discussion

In this thesis, | investigated two hypotheses (see Section 1.5):

1) DFT2 s losing MHC class | expression during progression through the devil population.

2) DFT1 expresses non-classical MHC class | to evade the host immune response.

To address Hypothesis 1, classical MHC class | expression was investigated in a wider range of
DFT2 biopsies sampled across the current range of the disease and spanning the time frame since
DFT2 emergence (2014 — 2020). To quantify expression of MHC class | molecules, an expression
score was generated, assigned using semi-automated image analysis. Thirty-four DFT2 biopsies
were stained for classical MHC class | expression by IHC (Aim 1), revealing variable expression
between tumours, some infecting the same individual. This may indicate loss over time and,
based on Hypothesis 1, it is possible that classical MHC class | loss is the result of DFT2 infecting
devils with a mismatched MHC class | genotype, driving immune escape by DFT2. To investigate
immune responses to DFT2 tumours, an antibody against IFNy was validated for use by IHC
(previously generated and screened by Alison Caldwell (2018)). This antibody showed variable
expression of IFNy across DFT2 tumours that was positively correlated with classical MHC class |
expression (Aim 2). However, there was no link between the level of classical MHC class | allelic

mismatch between tumour and host and classical MHC class | expression by DFT2 cells (Aim 3).

To investigate Hypothesis 2, 76 DFT1 biopsies were stained for classical and non-classical MHC
class | by IHC, expanding the number and timeframe of DFT1 tumour biopsies investigated for
MHC class | expression (Aims 4 & 5). Surprisingly, classical MHC class | expression was variable in
DFT1 tumours, which were previously thought to be constitutively negative as a mechanism for
immune evasion (Siddle et al., 2013). Classical MHC class | expression by DFT1 cells correlated
with IFNy expression in the tumour, suggesting classical MHC class | may be upregulated in
response to local inflammation. To investigate non-classical, Saha-UD expression, the specificity of
an anti-Saha-UD antibody, previously generated by Alison Caldwell (2018) and screened during
my master’s thesis (Hussey, 2018), was validated. Staining of DFT1 tumours for non-classical,
Saha-UD and Saha-UK confirmed variable expression of both MHC class | proteins, with this being

the first evidence of Saha-UD expression in DFT1 tumour biopsies by IHC.

As non-classical MHC class | expression was hypothesised to prevent NK cell activation against

classical MHC class I-negative DFT1 cells, correlation between classical and non-classical
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expression were investigated. Unexpectedly there was a positive correlation between classical
and non-classical MHC class | expression, suggesting it might have a role in immune evasion when
classical MHC class | is on the cell surface. Based on the hypothesis that non-classical MHC class |
expression is immunosuppressive in DFT1, a negative correlation with immune activation markers
would be expected. While there was no association with CD3+ cells, which may be due to low
sample numbers, there was a positive correlation with both Saha-UD and Saha-UK expression by

DFT1 cells and IFNy expression (Aim 6), contrary to the hypothesis.

7.1.1 DFT1 may express immunosuppressive markers to evade the host immune system.

As transmissible cancers transmit as allografts between individuals, they are under strong
selective pressure for evolution of immune escape mechanisms, as they need to avoid the
immune system of each host they infect. Therefore, transmissible cancers provide an interesting
model for the study of cancer evolution. Tasmanian devils are of particular interest, as they are
the only known mammal to have developed two transmissible cancers, and both developed
recently in comparison to CTVT (Murchison et al., 2014; Novinski, 1874). As these cancers arose at
different times, DFT1 circulating for around three decades and DFT2 only one decade (Hawkins et
al., 2006; Pearse and Swift, 2006; Pye et al., 2016b; Stammnitz et al., 2023), we are studying these

cancers at different stages in their evolution.

DFT1 was thought to have developed a consistent mechanism for avoidance of host T cell
responses, by removing MHC class | from the cell surface, via epigenetic downregulation of
components of the peptide presentation pathway (Burr et al., 2019; Siddle et al., 2013). However,
IHC staining of DFT1 tumours shows classical MHC class | expression is highly variable. Expression
levels were often low, which may be due to their hemizygous deletion at the B.m loci (Stammnitz
et al., 2018). Despite this, some tumours stained strongly for classical MHC class |, thus, lower
levels of expression may be due to epigenetic expression or other mechanisms, such as selective

loss of alleles, to reduce the immunogenicity of DFT1 cells.

Regardless of the level of classical MHC class | expression, these results challenge our
understanding of how DFT1 cancer cells avoid recognition by the host immune system. As
epigenetic mutations in the APP allow for up- and downregulation of classical MHC class
molecules. It may be that DFT1 modulates its MHC class | expression based on the local immune
environment, akin to CTVT (Hsiao et al., 2008; Pérez et al., 1998). It has been shown that DFT1 can
mutate in response to immune activation, as EMT was observed by DFT1 cells in immunised devils
treated with immunotherapy (Patchett et al., 2021), and loss of periaxin expression, a marker of

differentiated Schwann cells, has been observed in this thesis. Therefore, the ability of DFT1 to
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transiently change its MHC class | expression levels, may be key to immune evasion in

transmissible cancers.

Interestingly, there was a positive correlation between classical MHC class | expression and the
expression of non-classical MHC class | genes, Saha-UD and Saha-UK by DFT1 cells. Though the
function of these non-classical genes in Tasmanian devils is unknown, the expression of non-
classical MHC class | molecules in humans can be associated with immunosuppressive or
regulatory functions, both in their regular function, such as in the placenta (Rapacz-Leonard et al.,
2014), and their pathological function in cancer cells (Kochan et al., 2013). Non-classical MHC class
| molecules may also play an indirect role in immune evasion by DFT1 tumours. For example, in
contrast to the classical MHC class | genes in devils, Saha-UD does not have an IFNy stimulated
response element upstream of its start codon (Cheng et al., 2012), thus, it is unlikely to be
upregulated in response to local inflammation as classical MHC class | would. It is possible that
Saha-UD expression is specifically upregulated in DFT1 tumour cells to protect against recognition
of classical MHC class | molecules, though further work is needed to identify immune ligand and
function for Saha-UD. In contrast, Saha-UK has an IFNy stimulated response element (Cheng et al.,
2012), therefore may be transiently upregulated with classical MHC class | in response to an
inflammatory tumour environment. This is highlighted by Saha-UK sharing a similar expression
score profile to classical MHC class | in DFT1 tumours, while Saha-UD has a different profile with
higher expression scores (Figure 7.1). Combined with lower expression levels in DFT1 tumours,
this indicates Saha-UK may not play a key role in immune evasion by DFT1 cells. However, as its
function has not been determined, Saha-UK cannot be discounted from immunosuppression in

DFT1.

Based on these results, immune evasion by DFT1 is not as straightforward as total MHC class |
loss, which was previously thought to be the main mechanism utilised by DFT1 cells. An
alternative hypothesis for DFT1 immune evasion, illustrated in Figure 7.2, is that classical MHC
class I molecules are up- and downregulated by DFT1 cells in response to the local immune
environment. When classical MHC class | is upregulated, non-classical is upregulated as well, as a
mechanism to shield classical MHC class | molecules from recognition by the host immune system.
This model has similarities to the regulation of MHC expression found during the transmission and

growth of CTVTs in dogs.
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Figure 7.1 DFT1 tumours have a similar expression profile for classical MHC class | and non-

classical Saha-UK expression.

Percentage of DFT1 tumours (n=76) assigned each expression score for classical MHC
class I, non-classical Saha-UD, and non-classical Saha-UK staining by IHC. 0 = no

staining, 4 = strong staining.

DFT1

¥y

MHC class | Expression of
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Figure 7.2 Non-classical MHC class | molecules are upregulated by DFT1 cells to shield classical

MHC class | molecules from host immune recognition.

It was previously thought that there was total downregulation of classical MHC class |

by DFT1 cells in all tumours (Siddle et al., 2013) to avoid T cell activation (shown by
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the solid arrow). However, results in this thesis show classical MHC class | expression
by DFT1 tumour cells is variable and positively correlates with non-classical MHC
class | expression. Therefore, it is hypothesised that DFT1 cells can modulate classical
MHC class | expression on the cell surface via epigenetic modifications in the
response the immune environment, and when classical MHC class | is expressed, so is
non-classical MHC class | to shield against immune recognition and suppress the host

immune system.

As immune responses are complex, it is likely DFT1 molecules have developed multiple
mechanisms for immune evasion, such as co-expression of non-classical and classical MHC class |,
along with the ability to regulate MHC class | expression on the cell surface. As DFT1 cells express
PD-L1 in response to IFNy treatment (Flies et al., 2016), it appears DFT1 creates an
immunosuppressive environment to prevent recognition of classical MHC class | molecules at the
cell surface. How DFT1 cells avoid NK cell activation in response to ‘missing self’ is an outstanding
question. In this thesis it was shown that some DFT1 tumours express Saha-UD when there is a
lack of classical MHC class | expression, which may suppress NK cells responses; but this was not
consistent across tumours, therefore other mechanisms may be utilised. It is important to note
that, although functional cytotoxic NK cell responses have been identified in Tasmanian devils
(Brown et al., 2011), their NK cells may function differently to eutherian mammals, therefore

further work is need to characterise Tasmanian devil NK cells.

Understanding how DFT1 evades the immune system, particularly in relation to classical MHC, is
important for vaccine design. An enabling characteristic in cancer is genetic instability (Hanahan
and Weinberg, 2000), which results in the ability of cancer cells to become resistant to therapy
(Bai et al., 2020; Bukowski et al., 2020; Cree and Charlton, 2017; Mansoori et al., 2017), therefore
therapies are often used in conjunction. Not inhibiting immunosuppressive mechanisms in DFT1
may contribute to the lack of long-term protective immune responses in immunised devils in
previous vaccination trials (Kreiss et al., 2015; Tovar et al., 2017). Considering this, targeting
multiple immune evasion mechanisms in DFT1 should help the effectiveness of vaccines and

reduce the chances of immune escape by the cancer.
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7.1.2 Widespread downregulation of classical MHC class | by DFT2

DFT2 is earlier in its evolution compared to the other two transmissible cancers infecting
mammals, predicted to have emerged between 2009 — 2012 (Stammnitz et al., 2023). A previous
study (n=6) found all DFT2 tumours expressed classical MHC class |, most with high expression;
though two had slightly lower expression levels (Caldwell et al., 2018). Expression of MHC class |
by DFT2 cells should initiate an immune response due to disparate classical MHC class | between
tumour and host. Therefore, we would expect downregulation of classical MHC class | due to host

immune responses.

Results in this thesis show classical MHC class | is still expressed by most DFT2 cells; however,
expression levels are low in some of these tumours, and some tumours have totally lost classical
MHC class | expression. Therefore, there may be selective pressure for loss or downregulation of
MHC class | expression in DFT2 cells. For example, in response to immune inflammation. Though
classical MHC class | and IFNy expression scores were positively correlated in DFT1 and DFT2, only
in DFT2 do they share a similar expression score profile (Figure 7.3). This could suggest that there
is local tumour inflammation in response to classical MHC class | expression by DFT2, or that IFNy
expression is upregulating classical MHC class | expression by tumour cells. Notably, there was no
correlation between downregulation of classical MHC class | expression and host-tumour

genotype mismatch.

This lack of correlation may be explained by evolution of DFT2 cells as they move through the
population. Cancer cells gain beneficial mutations based on selective pressures, such as from the
immune system (Dunn et al., 2004, 2002; McGranahan et al., 2017; Schreiber et al., 2011).
Selective pressures can result in subclonal heterogenous cell populations within a tumour (Caldas,
2012). It has been shown by deep sequencing, that some subclones will become extinct or
dormant, while others persist, with some providing beneficial mutations for metastasis (Campbell
et al., 2010; Shah et al., 2012; Yachida et al., 2010). This is a useful model for understanding
evolution of transmissible cancers, with ‘metastases’ occurring on a larger scale — between devils.
This concept of cancer evolution in DFT2 is illustrated in Figure 7.4. Recently it was discovered
that DFT2 developed into two clades early in its evolution (Stammnitz et al., 2023), supporting the

idea that DFT2 could develop subclones within the population.
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Figure 7.3 Classical MHC class | and IFNy expression have a similar expression profile in DFT2

tumours.

Percentage of DFT1 tumours (n=76) and DFT2 tumours (n=34) assigned each
expression score for classical MHC class | and IFNy staining by IHC. 0 = no staining, 4 =

strong staining.
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Figure 7.4 Classical MHC class | expression profile of DFT2 cells may be dependent on its clonal

history.

As cancers evolve, they can develop into subclones based on their genetic mutations.
Mutations, such as MHC class | expression profiles, can aid or hinder transmission
through the population. Subclone A mutates with each host it infects, gaining
mutations that confer survival in the current host. Subclone B does not gain
beneficial mutations and can only survive in Tasmanian devils with a similar MHC
class | genotype, therefore it is eliminated upon transmission to a host with disparate
MHC class | alleles. Subclone C develops a trump mutation, which enables
transmission among all devils. Subclone D continues to transmit among devils with a
similar MHC class | genotype, therefore there is no selective pressure for mutation of

MHC class | expression.

Changes to MHC class | expression will be occurring as DFT2 moves through the population. As a
result, MHC class | loss may be historical in certain DFT2 subclones, based on immune responses
from previous hosts they have infected. Therefore, classical MHC class | expression is more
complicated than the host DFT2 cells are currently infecting. Findings in this thesis that MHC class
| expression by DFT2 cells is variable, and there is no clear correlation over time or based on host-
tumour mismatch, supports the theory that subclones may have developed, or are currently

developing, with different MHC class | profiles.

Variability in classical MHC class | expression in DFT2 highlights the heterogeneity in cancer cells,
particularly during the evolution of a transmissible cancer. If classical MHC class | expression
profiles differ between cells, potentially modulated using different mechanisms, this presents a
challenge when generating therapeutics and vaccines against DFT2. Therefore, vaccines may not
be effective against all DFT2 cells, within a single tumour or between tumours. As a result, a

better understanding of DFT2 classical MHC class | modulation mechanisms is needed before
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disease management is implemented, as premature vaccination could select for development of

additional immune escape mechanisms.

7.1.21 Epigenetic downregulation of classical MHC class | may be common in

transmissible cancers

Downregulation of classical MHC class | has been observed in all three transmissible cancers
occurring in mammals (Belov, 2011; Caldwell et al., 2018; Hsiao et al., 2008; Murchison, 2009;
Siddle et al., 2013) and is a common occurrence in somatic cancers (Campoli and Ferrone, 2008;
Dhatchinamoorthy et al., 2021; Hicklin et al., 1999). In transmissible cancers, cancer cells
expressing classical MHC class | should be highly antigenic targets for the host immune system,
due to differing MHC class | genotypes; and it has been shown that transmissible cancer cells
expressing MHC class | generate immune responses from their hosts (Hsiao et al., 2008; Pérez et
al., 1998; Pye et al., 2018; Tovar et al., 2017). Therefore, loss of MHC class | is highly beneficial for

avoidance of immune responses, particularly T cell-mediated responses.

Though the mechanism of downregulation in DFT2 is not known, and may vary between subclonal
populations, it is possible this may be due to epigenetic downregulation. Both CTVT and DFT1,
older cancer lineages than DFT2, epigenetically downregulate MHC class | (Belov, 2011; Hsiao et
al., 2008; Siddle et al., 2013), DFT1 downregulates MHC class | expression via PRC2, a conserved
mechanism in cancers of neuroendocrine origin (Burr et al., 2019), however, this mechanism was
not identified in DFT2 cell lines (Owen et al., 2021). Loss of MHC class | by structural mutations
would prevent T cells responses but puts the cancer at risk of responses from other immune cells,
thus epigenetic mutations provide plasticity in MHC class | expression. This may be the key to
success of transmissible cancers. In CTVT, cancer cells can downregulate MHC class | during early
infection (Hsiao et al., 2008), though the epigenetic mechanism has not been defined, enabling a
latent period to transmit to the next host prior to elimination by the current host immune system.
Epigenetic modifications in the APP may have similar function in DFT1, as MHC class | expression
in tumours is variable, enabling up- and down-regulation of MHC class | in response to the local
immune environment. Considering this, we may find that persisting DFT2 subclones also have
epigenetic downregulation of MHC class |. While this enables immune escape by cancer cells, the

ability to upregulate MHC class | expression is hopeful for the generation of vaccines.
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7.13 A common MHC class | allele likely facilitates spread of transmissible cancers in

Tasmanian devils.

Limited infiltration of CD3+ cells into DFT1 and DFT2 tumours was observed. And, even when
CD3+ cells were present, they were mostly low density and restricted to the stroma. Analysis of
infiltration by CD3+ cells may be limited due to sample number, though previous studies have also

found limited lymphocyte infiltration (Caldwell et al., 2018; Loh et al., 2006).

While immune responses can be generated against DFT1 (Kreiss et al., 2015; Pye et al., 2018,
20164a; Tovar et al., 2017), vaccination against DFT1 has only been protective in a few cases (Tovar
et al., 2017). Though there is enough genetic diversity for Tasmanian devils to reject matched skin
grafts (Kreiss et al., 2011), perhaps the immune response is ineffective, owing to their restricted
diversity (Cheng et al., 2012; Morris et al., 2013; Siddle et al., 2007a). As a result, even if an
immune response is generated against DFTs, it may not be protective, giving the tumour time to

evolve new escape mechanisms.

The generation of protective immune responses may be hindered by the expression of a classical
MHC class | allele, Sahal*27, that is commonly expressed in the devil population, and also
expressed by DFT1 and DFT2. While these results agree with previous findings of widespread
expression of Sahal*27 (Caldwell et al. 2018, Cheng et al. 2022), Sahal*27-negative host samples
are needed to show its true prevalence. Interestingly, not only is this allele commonly expressed,
but it also has higher expression than other alleles in many individuals. Based on the findings in
this thesis, there was no correlation found between higher expression of Sahal*27 by the host
and immune activation against DFTs (though sample numbers were limiting). However, high
expression of Sahal*27 in DFT2 could reduce the chance of immune recognition by hosts, as it
would have lower immunogenicity than other classical MHC class | alleles. The possible fixation of
this allele and its high expression will be important to confirm across the devil range as it may

reflect past selective pressures on the devil immune system.

From host classical MHC class | genotyping a common allele was identified in DFT1 and DFT2 that
is most frequently mismatched between tumour and host, Sahal*90. This is an important

discovery for vaccine design and could be utilised to generate a dual vaccine for DFT1 and DFT2.

7.2 Future work

To further our understanding of immune evasion mechanisms by DFTs, and apply this knowledge
to vaccine design, additional studies are required. In DFT2, the mechanism of MHC class |

downregulation needs to be established, to understand whether classical MHC class | expression
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can be restored in these tumours. In addition, it is not understood if, in tumours with lower MHC
class | expression, any MHC class | is expressed at the cell surface. If downregulation of MHC class
| heavy chain protein expression is sufficient to significantly reduce cell surface expression, this

will have implications on our understanding of immune evasion by DFTs.

To determine whether non-classical MHC class | expression is immunosuppressive, the immune
ligand and function for Saha-UD and Saha-UK needs to be identified. Additionally, NK cell
responses to DFT1 tumours should be investigated, as activation is still expected against tumours
that lack MHC class | expression. If NK cell responses are not observed, DFT1 may be employing

additional immune evasion mechanisms that need to be explored.

To assist future studies into immune evasion mechanisms by DFT1 and DFT2, it would be

beneficial to establish new DFT cell lines, as cancer lineages will evolve over time.

7.3 Conclusions

Classical MHC class | expression is highly variable in DFT1 and DFT2, suggesting cancer cells are
modulating their MHC class | expression in response to selective pressure from the host immune
system. Understanding the immune response, if any, against DFTs is vital to understanding how
they evade the host immune system to transmit among the population. We hypothesise classical
MHC class | expression is downregulated in DFT2 due to host immune recognition of mismatched
tumour classical MHC class | alleles; and in DFT1, that non-classical MHC class | is upregulated to

suppress host immune responses against classical MHC class .

Classical MHC class | expression by DFT cells positively correlates with IFNy expression in the
tumour. Supporting in vitro findings that classical MHC class | can be upregulated by cytokines in
DFT1 cells (Siddle et al., 2013). The ability to upregulate classical MHC class | expression in DFT1
tumours is important for vaccine design, as previous immunisation trials have found MHC class |
expression is required for an effective immune response against DFT1 (Pye et al., 2018, 2016a;
Tovar et al., 2017). Though it is important to note that non-classicals may be upregulated in
inflammatory tumours as an immunosuppressive mechanism, which would need to be targeted in

vaccine design.

Varying classical MHC class | expression in DFT2 tumours, and the positive correlation of classical
MHC class | expression with IFNy, suggests classical MHC class | loss may also be epigenetic in
DFT2, therefore, reversible. While the mechanism of downregulation is still to be established in
DFT2 cells, epigenetic downregulation would be hopeful for the development of vaccines against

DFT2; providing an intervention to reduce disease spread among an already endangered species.
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Appendix A Samples and antibodies

Table A1 List of Tasmanian devil samples.
Devil name |Other Microchip number | Tissue Tumour |Date Location

identifiers sample type collected

Allen 982000410416915 |Ear biopsy |N/a Feb-19 Sandfly
Allen 982000410416915 |Tumour 1 |DFT1 Feb-19 Sandfly
Aurora 900164001721539 |Tumour 1 |DFT1 Apr-22 Sandfly
Bump 982000410416748 |Tumour 1 |DFT1 Feb-20 Sandfly
Bump 982000410416748 |Tumour 2 |DFT1 Feb-20 Sandfly
Cardamom 982000405976309 |Tumour 1 |DFT1 Oct-21 Sandfly
Cardamom 982000405976309 |Tumour 2 |DFT1 Oct-21 Sandfly
Chauncy Tumour 1b |DFT1 Mar-15 Chauncy Vale
Vale
Chilli 982000405797498 | Ear biopsy |N/a Dec-17 Woodbridge
Chilli 982000405797498 |Tumour 2 |DFT2 Jul-18 Woodbridge
Christine TD111 Tumour DFT1 Nov-08 Woolnorth
Clytemnestra 982000405977507 |Tumour 1 |DFT1 Nov-19 Sandfly
Crabtree TD507 SDD000000100315 | Tumour 1 | DFT1 Mar-15 Crabtree
Crabtree TD507 SDD000000100315 | Tumour 2 |DFT1 Mar-15 Crabtree
Crabtree TD507 SDD000000100315 | Tumour 3 |DFT1 Mar-15 Crabtree
Cygnet TD467 Tumour DFT1 Mar-14 Cygnet
Cyprus 982000356584128 | Ear biopsy |N/a May-17 Woodbridge
Cyprus 982000356584128 |Tumour 1 |DFT1 Jun-17 Woodbridge
Danni 982000405982644 |Tumour 1 |DFT1 Feb-21 Sandfly
Ebony 982000410416500 |Ear biopsy |N/a May-18 Woodbridge
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Devil name |Other Microchip number | Tissue Tumour |Date Location
identifiers sample type collected
Ebony 982000410416500 |Tumour 2 |DFT2 May-19 Woodbridge
Enchilada 982000405794795 | Ear biopsy |N/a Dec-17 Woodbridge
Enchilada 982000405794795 | Tumour 3 |DFT2 Nov-18 Woodbridge
Enchilada 982000405794795 |Tumour 4 |DFT2 Nov-18 Woodbridge
Enchilada 982000405794795 |Tumour 5 |DFT2 Nov-18 Woodbridge
Enchilada 982000405794795 | Tumour 6 |DFT2 Nov-18 Woodbridge
Enchilada 982000405794795 | Tumour 10 |DFT2 Nov-18 Woodbridge
Enchilada 982000405794795 |Tumour 13 |DFT2 Nov-18 Woodbridge
Felix 982000405976006 |Tumour 1 |DFT1 Nov-19 Woodbridge
Franklin Tumour1l |DFT1 Apr-15 Franklin
Freiburg 982000410416829 |Ear biopsy |N/a Jul-18 Woodbridge
Gaza 982000190605291 |Tumour 1  |DFT1 Nov-13 West Pencil
Pine
Globulus 982000410327612 |Ear biopsy |N/a Feb-19 Woodbridge
Globulus 982000410327612 |Tumour 1 |DFT2 Feb-19 Woodbridge
Grawp 982000365601023 | Ear biopsy |N/a Aug-16 Woodbridge
Grawp 982000365601023 |Tumour 1 |DFT2 Aug-17 Woodbridge
Grawp 982000365601023 |Tumour 2 |DFT2 Aug-17 Woodbridge
Grawp 982000365601023 | Tumour 4 |DFT2 Aug-17 Woodbridge
Grommit TD184 982009105175123 | Tumour DFT1 Jun-10 Granville
Harbour
Haloumi 956000011775873 |Tumour 1 |DFT1 Nov-21 Sandfly
Haloumi 956000011775873 |Tumour 1 |DFT1 Apr-22 Sandfly
Hannah 982000410415096 |Tumour 1 |DFT1 No-19 Sandfly
Harry 982000402820066 | Ear biopsy |N/a Jul-16 Woodbridge
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Devil name |Other Microchip number | Tissue Tumour |Date Location
identifiers sample type collected
Hope 982000410417268 |Ear biopsy |N/a Feb-19 Sandfly
Hope 982000410417268 |Tumour 1 |DFT1 Mar-19 Sandfly
Hope 982000410417268 |Tumour 2 |DFT1 Mar-19 Sandfly
Jaarlsberg 956000011770023 |Tumour 5 |DFT1 Apr-22 Sandfly
Jane 982000405797721 | Ear biopsy |N/a May-17 Longley
Jane 982000405797721 |Tumour T1 |DFT1 May-17 Longley
Jesus 982000405975909 |Tumour 1 |DFT1 Feb-21 Sandfly
Jules 982000405979192 |Tumour 1 |DFT1 Feb-21 Sandfly
Kalahari 982009104909961 |Tumour 1 |DFT1 Nov-13 West Pencil
Pine
Kaoota 982000356710852 |Ear biopsy |N/a May-17 Snug Tiers
Kaoota 982000356710852 |{Tumour 1 |DFT1 May-17 Snug Tiers
Katie 982000365120047 |Ear biopsy |N/a Aug-16 Woodbridge
Krum 982000365611366 |Ear biopsy |N/a Aug-16 Woodbridge
Lake 900164001721569 |Tumour 1 |DFT1 Apr-22 Sandfly
Laurasia 982000405975852 | Tumour 1  |DFT2 Nov-19 Woodbridge
Lilac 982000405978832 |Tumour 2 |DFT1 Aug-19 Sandfly
Limpopo 982000167786788 |{Tumour 3  |DFT1 Nov-13 West Pencil
outer Pine
Lonnavale TD489 Tumour DFT1 Jul-14 Lonnavale
Lucy 982000409860848 | Tumour 1 |DFT1 Mar-20 Sandfly
Lucy 982000409860848 |Tumour 3 |DFT1 Mar-20 Sandfly
Lutruwita 982000405978718 |Tumour 2 |DFT1 May-20 Sandfly
Magnolia 982000405983123 |Tumour 1 |DFT1 May-20 Sandfly
Mania 982000405978676 |Tumour 1 |DFT1 Feb-21 Sandfly
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Devil name |Other Microchip number | Tissue Tumour |Date Location
identifiers sample type collected
Mania 982000405978676 |Tumour 2 |DFT1 Feb-21 Sandfly
Margaret 812 982000356483454 | Tumour 1 |DFT2 Jan-15 Snug
Marsh 900164001721556 |Tumour 1 |DFT1 Apr-22 Sandfly
Maui 982000167814762 |Tumour 1 |DFT1 Aug-14 West Pencil
Pine
Maui 982000167814762 |Tumour 2 |DFT1 Aug-14 West Pencil
Pine
Moody 982000410416671 |Ear biopsy |N/a Feb-19 Sandfly
Moody 982000410416671 |Tumour 1 |DFT1 Feb-19 Sandfly
NO NAME ST67 982000363392739 | Ear biopsy |N/a Jun-17 Snug Tiers
NO NAME ST67 982000363392739 |Tumour 1 |DFT2 Jun-17 Snug Tiers
Nudibranch 956000011763603 |Tumour 1 |DFT1 Apr-22 Sandfly
Orange 982000405975935 | Tumour 1  |DFT1 Feb-20 Sandfly
Orange 982000405975935 |Tumour 1 |DFT1 May-20 Sandfly
Orange 982000405975935 |Tumour 2 |DFT1 Feb-20 Sandfly
Orange 982000405975935 | Tumour 2 |DFT1 May-20 Sandfly
Paprika 982000405975892 | Tumour 1 |DFT1 Oct-21 Sandfly
Peach 982000405986087 |Tumour 1 |DFT2 May-20 Woodbridge
Peach 982000405986087 |Tumour 2 |DFT2 May-20 Woodbridge
Persia 900006000169079 | Tumour 2 |DFT1 Aug-14 West Pencil
Pine
Pooh 982000405826904 | Ear biopsy |N/a May-17 Longley
Pooh 982000405826904 |Tumour 1 |DFT1 May-17 Longley
Purple 982000405979273 |Tumour 1 |DFT1 Aug-19 Sandfly
Red Velvet |202 982000190608331 |Tumour 1 |DFT2 Mar-14 Cygnet
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Devil name |Other Microchip number | Tissue Tumour |Date Location
identifiers sample type collected
Rivulet 900164001721558 |Tumour 1 |DFT1 Feb-21 Sandfly
Sally 982000405914882 |Ear biopsy |N/a Jun-17 Sandfly
Sally 982000405914882 |Tumour 1 |DFT1 Feb-19 Sandfly
Sarafina 982000190530043 |Tumour 1 |DFT2 Nov-19 Woodbridge
Sarafina 982000190530043 |Tumour 3 |DFT2 Nov-19 Woodbridge
Savuti 982009104919599 |Tumour 1 |DFT1 Nov-13 West Pencil
Pine
Savuti 982009104919599 |Tumour4 |DFT1 Nov-13 West Pencil
deep Pine
Savuti 982009104919599 |Tumour 4 |DFT1 Nov-13 West Pencil
mid Pine
Savuti 982009104919599 |Tumour 4 |DFT1 Nov-13 West Pencil
outer Pine
Sea 956000011762664 |Tumour 1 |DFT1 Apr-22 Sandfly
Cucumber
Selknam 982000190532966 |Tumour 1 |DFT1 Aug-14 West Pencil
Pine
Selknam 982000190532966 |Tumour 3 |DFT1 Aug-14 West Pencil
Pine
Selma 982000365112286 |Ear biopsy |N/a Apr-17 Southwood
Road
Selma 982000365112286 |Tumour 1 |DFT1 Apr-17 Southwood
Road
Simone 982000405909352 |{Tumour 1 |DFT1 Jun-17 Snug Tiers
Snape 982000365120134 |Ear biopsy |N/a Aug-16 Woodbridge
Snape 982000365120134 |Tumour 2 |DFT2 Dec-17 Woodbridge
Snowball 982000405826357 | Ear biopsy |N/a Apr-17 Woodbridge
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Devil name |Other Microchip number | Tissue Tumour |Date Location
identifiers sample type collected
Snowball 982000405826357 |Tumour 1 |DFT2 May-18 Woodbridge
Snug 203: 982000356526917 | Tumour 2 |DFT2 Oct-14 Snug
TD500
Stuttgart 982000410416957 | Ear biopsy |N/a Jul-19 Woodbridge
Summer 982000405827802 | Ear biopsy |N/a Jul-17 Woodbridge
Tabasco 982000190607683 | Ear biopsy |N/a Dec-17 Woodbridge
Tabasco 982000190607683 | Tumour 1  |DFT2 Jun-18 Woodbridge
Taco 982000405792676 | Ear biopsy |N/a Dec-17 Woodbridge
Taco 982000405792676 |Tumour 2 |DFT2 Feb-18 Woodbridge
Tarrabeh 982000405979168 |Tumour 1 |DFT1 Dec-19 Sandfly
TD74 Lymph N/a May-06 |Tea Tree
node
TD74 Tumour 1l |DFT1 May-06 Tea Tree
TD388 Tumour 1 |DFT1 Nov-14 Carlton
TD505 Grove 982000356444429 |Tumour 1 |DFT1 Feb-15 Grove
TD505 Grove 982000356444429 |Tumour 2 |DFT1 Feb-15 Grove
TD505 Grove 982000356444429 |Tumour 3 |DFT1 Feb-15 Grove
TD523 638 Tumour 1l |DFT2 Jun-15 Snug
TD523 638 Tumour 2 |DFT2 Jun-15 Snug
TD547 807 R00000020151130 | Tumour 1  |DFT2 Oct-15 Cygnet
Teufel 818 982000167740522 {Tumour 1 |DFT2 Jan-15 Snug
Tiarna TD182 982009105183213 | Tumour DFT1 Jul-10 Temma
Tibet 982000361993284 | Ear biopsy |N/a Sep-16 Woodbridge
Tigger 982000405851834 | Ear biopsy |N/a May-17 Longley
Tigger 982000405851834 |Tumour 1 |DFT1 May-17 Longley
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Devil name |Other Microchip number | Tissue Tumour |Date Location
identifiers sample type collected
Turmeric 982000405978433 |Tumour 1 |DFT1 Aug-20 Sandfly
Turmeric 982000405978433 |Tumour 2 |DFT1 Aug-20 Sandfly
Tylden 982000190610576 | Tumour DFT1 Nov-13 West Pencil
deep Pine
Tylden 982000190610576 | Tumour DFT1 Nov-13 West Pencil
mid Pine
Violet 982000405976000 |Tumour 1 |DFT2 Feb-20 Woodbridge
Yellow 982000405978457 |Tumour 1  |DFT2 Feb-20 Woodbridge
Yellow 982000405978457 |Tumour 2 |DFT2 Feb-20 Woodbridge
Zeus 982000405978208 |Tumour 1 |DFT2 May-20 Woodbridge
Zeus 982000405978208 |Tumour 2 |DFT2 May-20 Woodbridge
Table A2 List of cell lines.
Sample Name Other Identifiers Reference
DFT1_1426 DFTD_1426; 86T Siddle et al., 2013;
Murchison et al., 2012
DFT1_4906 DFTD_4906; 88T Siddle et al., 2013
DFT1_C5065 DFTD_C5065; 87T  |Siddle et al., 2013
DFT2_RV TD467; 202T1 Pye et al., 2016
DFT2_SN TD500; 203T1 Pye et al., 2016
CHO
CHO_SahalFNy Siddle et al., 2013
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TableA3 List of primary antibodies used for IHC and Western blot.

Antibody Referred to as in | Clone/catalogue number |Dilution for IHC Dilution for Reference/supplier

this thesis Western blot

CD3 A045229-2 1:50 N/a Dako/Agilent
Classical MHC class | Saha-UA, -UB and -UC | UABC a-UA/UB/UC_15-25-8 Neat supernatant |Neat supernatant Caldwell et al. 2018
His TA15088 N/a 1 pg/ml Origene

IFNy o-IFNy_13-44-6 Neat supernatant |Neat supernatant Caldwell 2018

Myc (9E10) 13-2500 N/a 1.25 pg/ml Thermo scientific
Non-classical MHC class | Saha-UD (1) a-UD_14-37-1 Neat supernatant |N/a This thesis
Non-classical MHC class | Saha-UD (2) a-UD_14-37-2 Neat supernatant |N/a This thesis
Non-classical MHC class | Saha-UD (3) UD(3) o-UD_14-37-3 Neat supernatant |Neat supernatant This thesis
Non-classical MHC class | Saha-UD (4) o-UD_14-37-4 Neat supernatant |N/a This thesis
Non-classical MHC class | Saha-UD (5) uD(5) a-UD_14-37-5 Neat supernatant |Neat supernatant This thesis
Non-classical MHC class | Saha-UD (6) a-UD_14-37-6 Neat supernatant |N/a This thesis
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Antibody Referred to as in |Clone/catalogue number |Dilution for IHC Dilution for Reference/supplier

this thesis Western blot
Non-classical MHC class | Saha-UD (7) a-UD_14-37-7 Neat supernatant |N/a This thesis
Non-classical MHC class | Saha-UD (8) o-UD_14-37-8 Neat supernatant |N/a This thesis
Non-classical MHC class | Saha-UK UK o-UK_15-29-1 Neat supernatant |Neat supernatant Caldwell et al. 2018
Mouse IgG2a kappa isotype control (eBM2a) | IgG2a 14-4724-82 1 pg/ml N/a Invitrogen (ThermoFisher)
Periaxin HPA001868 0.667 pg/ml N/a Sigma-Aldrich
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Appendix B Classical MHC class | expression in DFT2
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Classical MHC class | expression by DFT2 tumours does not correspond with host

factors, season, or tumour location.

Classical MHC class | expression in DFT2 tumour biopsies by (A) sex of host (n=34), (B)
age of host (years) (n=27), (C) secondary infection of the tumour (n=27), (D) host
tumour load (n=30), (E) season of sample collection (n=34), and (F) tumour location
(whether the tumour was cutaneous or mucosal) (n=27). Classical MHC class |
expression scores are based on the strength of IHC staining for Saha-UA, -UB, and -
UC. 0 = no staining for classical MHC class |, 4 = very strong staining. Expression
scores are discrete variables — jitter has been applied to the data points for
visualisation. None of these factors are significant for differences in classical MHC

class | expression. ‘ns’ = not significant (p>0.05).
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IFNy expression in DFT2 tumours does not correlate with host factors, season, or

tumour location.

IFNy expression in DFT2 tumour biopsies by (A) sex of host (n=25), (B) age of host
(years) (n=21), (C) secondary infection of the tumour (n=20), (D) host tumour load
(n=22), (E) season of sample collection (n=25), and (F) tumour location (whether the
tumour was cutaneous or mucosal) (n=20). Expression scores are based on the
strength of IHC staining. 0 = no staining for IFNy, 4 = very strong staining. Expression
scores are discrete variables — jitter has been applied to the data points for
visualisation. None of these factors are significant for differences in IFNy expression.

‘ns’ = not significant (p>0.05).
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Figure C1 Classical MHC class | expression by DFT1 does not vary by host factors, season, or

tumour location.

Classical MHC class | expression in DFT1 tumour biopsies by (A) sex of host (n=68), (B)

age of host (years) (n=71), (C) secondary infection of the tumour (n=54), (D) host

tumour load (n=54), (E) season of sample collection (n=76), and (F) tumour location

(whether the tumour was cutaneous or mucosal) (n=53). Classical MHC class |

expression scores are based on the strength of IHC staining for Saha-UA, -UB, and -

UC. 0 = no staining for classical MHC class |, 4 = very strong staining. Expression

scores are discrete variables — jitter has been applied to the data points for
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visualisation. None of these factors are significant for differences in classical MHC

class | expression. ‘ns’ = not significant (p>0.05).
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Figure C2 IFNy expression in DFT1 tumours does not vary by location.

IFNy expression by DFT1 tumours (n=76) based on the area of sample collection. A
map of Tasmania showing the sample sites included in Broad Area and Area is shown
in Figure 4.4A. IFNy expression is based on the strength of IHC staining. 0 = no
staining for IFNy, 4 = very strong staining. Expression scores are discrete variables —
jitter has been applied to the data points for visualisation. There is no significant

difference in IFNy expression by Broad Area or Area. ‘ns’ = not significant (p>0.05).
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IFNy expression in DFT1 tumours does not correspond with host factor, season, or

tumour location.

IFNy expression in DFT1 tumour biopsies by (A) sex of host (n=42), (B) age of host

(years) (n=42), (C) secondary infection of the tumour (n=33), (D) host tumour load

(n=36), (E) season of sample collection (n=42), and (F) tumour location (whether the

tumour was cutaneous or mucosal) (n=33). Expression scores are based on the

strength of IHC staining. 0 = no staining for IFNy, 4 = very strong staining. Expression

scores are discrete variables — jitter has been applied to the data points for

visualisation. None of these factors are significant for differences in IFNy expression.

‘ns’ = not significant (p>0.05).
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TableD1 Samples used for classical MHC class | genotyping.

Appendix D

Classical MHC class | host genotyping

Sample name Sample type Infected with Included in analysis
4906_IFNy Cell line N/a Yes
Allen Ear biopsy DFT1 Yes
Chilli Ear biopsy DFT2 Yes
Cyprus Ear biopsy DFT1 Yes
Ebony Ear biopsy DFT2 Yes
Enchilada Ear biopsy DFT2 Yes
Freiburg Ear biopsy DFT2 Yes
Globulus Ear biopsy DFT2 Yes
Grawp Ear biopsy DFT2 Yes
Harry Ear biopsy DFT2 Yes
Hope Ear biopsy DFT1 Yes
Jane Ear biopsy DFT1 Yes
Kaoota Ear biopsy DFT1 Yes
Katie Ear biopsy DFT2 Yes
Krum Ear biopsy DFT2 Yes
Moody Ear biopsy DFT1 Yes
NONAME Ear biopsy DFT2 Yes
Pooh Ear biopsy DFT1 Yes
RV Cell line N/a Yes
Sally Ear biopsy DFT1 Yes
Selma Ear biopsy DFT1 Yes
Simone Ear biopsy DFT1 No
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Sample name Sample type Infected with Included in analysis
Snape Ear biopsy DFT2 Yes
Snowball Ear biopsy DFT2 Yes
Stuttgart Ear biopsy DFT1 Yes
Summer Ear biopsy DFT2 Yes
Tabasco Ear biopsy DFT2 Yes
Taco Ear biopsy DFT2 Yes
Tibet Ear biopsy DFT2 Yes
Tigger Ear biopsy DFT1 Yes
Willie Ear biopsy DFT2 No
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Table D2 Percentage sequence identity for classical MHC class | amino acid sequences.

Table showing cassical MHC class | alleles called from sequencing of DFT cell lines and Tasmanian devils from the d’Entrecasteaux peninsula. Purple indicates

alleles expressed by DFT1 and DFT2, blue indicates an allele expressed by DFT1 only, red indicates an allele expressed by DFT2 only. Amino acid sequences

shown in Figure 5.5. Percentages calculated using Sequence Manipulation Suite: Ident and Sim (“ldent and Sim,” 2020).

Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Saha- | Sahal* | Sahal* | Sahal*37/7 | Sahal*

Allele Name | 35 29 97 36 33 46 87 90 49 27 91 uc 74 57 2/79 103
Sahal*29 98.65 \ 9459 | 9459 | 9459 | 9595 | 87.84| 89.19 | 90.54 | 89.19 | 89.19 | 89.19| 90.54 | 91.89 91.67 91.67
Sahal*97 95.95 | 94.59 91.89 | 94.59 | 90.54 | 93.24 | 86.49 | 90.54 | 85.14 | 87.84 | 90.54 | 86.49 | 87.84 88.33 88.33
Sahal*36 95.95 | 94.59 | 91.89 \ 97.30 | 90.54 | 90.54 | 91.89| 9595 | 87.84 | 90.54 | 87.84| 89.19 | 89.19 98.33 90.00
Sahal*33 95.95| 94.59 | 94.59 | 97.30 90.54 | 90.54 | 91.89 | 9595 | 86.49 | 89.19 | 86.49 | 87.84| 87.84 95 90.00

|
|

| 93.24| 91.89| 8378 | 86.49] 89.19| 85.14 | 8649 90| 83.33

Sahal*91 90.54 | 89.19 | 87.84| 90.54 | 89.19| 90.54 | 86.49 | 86.49 97.30 9459 | 95.95 | 94.59 90.00 | 95.00
Saha-UC ‘ 87.84 89.19 90.54 87.84 86.49 | 90.54 | 89.19 | 86.49 94.59 | 94.59 95.95 | 94.59 86.67 | 88.33
Sahal*57 90.54 | 91.89 | 87.84| 89.19| 87.84| 9595| 86.49 | 90.54 | 91.89| 97.30| 94.59 | 94.59 | 98.65 90.00
Sahal*37/7

2/79 93.33 | 91.67 | 88.33| 98.33 | 95.00 | 91.67 | 90.00 | 93.33| 98.33 | 88.33 | 90.00 | 86.67 | 90.00 | 90.00 91.67
sahal*103 | 93.33| 91.67 | 88.33| 90.00 | 90.00 | 95.00| 83.33| 85.00] 90.00| 93.33| 95.00| 88.33| 91.67| 90.00 91.67
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Table D3 Percentage sequence similarity for classical MHC class | amino acid sequences.

Table showing classical MHC class | alleles called from sequencing of DFT cell lines and Tasmanian devils from the d’Entrecasteaux peninsula. Purple
indicates alleles expressed by DFT1 and DFT2, blue indicates an allele expressed by DFT1 only, red indicates an allele expressed by DFT2 only. Amino acid

sequences shown in Figure 5.5. Percentages calculated using Sequence Manipulation Suite: Ident and Sim (“Ident and Sim,” 2020).

Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Saha- | Sahal* | Sahal* | Sahal*37/7 | Sahal*

Allele Name | 35 29 97 36 33 46 87 90 49 27 91 ucC 74 57 2/79 103

Sahal*29 98.65 ‘ 9730 | 9459 | 9595| 9595 | 90.54| 90.54 | 91.89 | 90.54| 90.54 | 91.89 | 91.89 | 93.24 91.67 91.67
Sahal*97 98.65 | 97.30 9459 | 9595 | 93.24| 93.24 | 87.84| 9189 | 87.84| 9054 | 91.89 | 89.19| 90.54 91.67 91.67
Sahal*36 95.95 | 94.59 | 94.59 ‘ 98.65| 90.54 | 93.24| 93.24| 97.30| 89.19| 91.89 | 90.54 | 90.54 | 90.54 98.33 90.00
Sahal*33 97.30 | 95.95| 95.95| 98.65 91.89 91.89 | 9595 | 87.84| 90.54 | 89.19 | 89.19 | 89.19 96.67 91.67

| | |
| | |

Sahal*91 91.89 | 90.54 | 90.54 | 91.89 | 90.54 | 91.89 97.30
95.95

Saha-UC 90.54 | 91.89| 91.89| 90.54| 89.19 | 93.24

89.19
90.54

87.84
89.19

95.95 | 95.95

97.30

94.59 91.67 96.67
95.95 90.00 91.67

95.95

Sahal*57 91.89 | 93.24 | 90.54 | 90.54 | 89.19 | 97.30| 89.19 | 91.89 97.30 | 94.59 98.65 91.67
Sahal*37/7

2/79 93.33 | 91.67 | 91.67 | 98.33 | 96.67 | 91.67 | 93.33 | 95.00 | 100.00 | 90.00 | 91.67 | 90.00 | 91.67 | 91.67 91.67
sahal*103 | 93.33| 91.67 | 91.67| 90.00| 91.67| 95.00| 86.67| 86.67| 91.67| 95.00| 96.67 | 91.67| 93.33| 91.67 91.67
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TableD4 Number of mismatched TCR residues for classical MHC class | amino acid sequences.
Table showing the number of residues predicted to interact with the TCR (assigned based on Bjorkman and Parham (1990)) that are mismatched between
classical MHC class | alleles. Alleles shown were called from sequencing of DFT cell lines and Tasmanian devils from the d’Entrecasteaux peninsula. Purple
indicates alleles expressed by DFT1 and DFT2, blue indicates an allele expressed by DFT1 only, red indicates an allele expressed by DFT2 only. Amino acid
sequences shown in Figure 5.5.
Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Saha- | Sahal* | Sahal* | Sahal*37/7 | Sahal*
Allele Name | 35 29 97 36 33 46 87 90 49 27 91 uc 74 57 2/79 103
Sahal*29 0 | 0] 0 0 0 1 1 0 1 1 1 1 1 0 0
Sahal*97 0 0 0 0 0 1 1 0 1 1 1 1 1 0 0
Sahal*36 0 0 0 \ 0 0 1 1 0 1 1 1 1 1 0 0
Sahal*33 0 0 o] o] 0 1 1 0 1 1 1 1 1 0 0

o 1l 2] 2| 2| 2] 2f 1] 1]
|

sahatt49 | o]l o] o] ol of o] 1] 1] 1/ 1] 1] 1] 1] o] 0

|
Sahal*91 1 1 1 1 0 . 0] 0 0
Saha-UC ‘ 1 1 ‘ 1 1 ‘ o] 0] 0
Sahal*57 1 1 1 1 1 1 2 2 1 0 0
Sahal*37/7
2/79 0 0 0 0 0 0 1 1 0 1 1 1 1 1
Sahal*103 0 0 0 0 0 0 1 1 0 1 1 1 1 1
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Table D5 Number of mismatched peptide binding residues for classical MHC class | amino acid sequences.

Table showing the number of residues predicted to bind a peptide for presentation (assigned based on Bjorkman and Parham (1990)) that are mismatched
between classical MHC class | alleles. Alleles shown were called from sequencing of DFT cell lines and Tasmanian devils from the d’Entrecasteaux peninsula.

Purple indicates alleles expressed by DFT1 and DFT2, blue indicates an allele expressed by DFT1 only, red indicates an allele expressed by DFT2 only. Amino

acid sequences shown in Figure 5.5.

Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Sahal* | Saha- | Sahal* | Sahal* | Sahal*37/7 | Sahal*
Allele Name | 35 29 ‘ 97 36 ‘ 33 46 87 90 49 27 91 ucC 74 57 2/79 103
Sahal*29 0 | 1] 3 3 3 5 7 6 8 7 7 7 6 4 4
Sahal*97 1 1 4 2 4 4 6 5 8 7 6 7 6 5 5
Sahal*36 3 3 4 ‘ 2 6 4 4 3 8 7 6 7 7 1 6
Sahal*33 3 3 2 6 4 4 3 9 8 7 8 8 3 6

| | |
Soha'87 | 5| 5| 4l 4] 4] 7 2| 3l 7] 7] 6] 7] 6] 3] 7]
| | |
Sahatt49 | 6| 6] 5| 3| 3] 5| 3] 1] 6] 7] 6] 5| 5| 1] 6
| | |

Sahal*91 7 7 7 7 1
Saha-UC ‘ 7 7 ‘ 6 6 ‘ 2
Sahal*57 6 6 6 7 8 3 6 6 5 2 3
Sahal*37/7

2/79 4 4 5 1 3 4 3 2 1 6 6
Sahal*103 4 4 5 6 6 2 7 7 6 3 3

186






Appendix D

)

=)

Classical MHC class | expression score

N

o

Classical MHC class | expression score

o

Classical MHC class | expression score

n=11
ns
91 93 95
Minimum % sequence identity
n=11
ns
90.0 92.5 95.0 97.5 100.0

Minimum % sequence identity to Sahal*90

n=11
ns

[

o

Classical MHC class | expression score

96 98 100
Minimum % sequence identity to Sahal*46

n=11
ns

FigureD 1

188

40 50 60 70
% host expression of Sahal*27

Classical MHC class | expression score
o

Classical MHC class | expression score
N o -

Classical MHC class | expression score
o

- N

Classical MHC class | expression score
o

n=11
ns
05 10
Maximum TCR residue mismatches
n=11
ns

0.0 0.5 1.0
Maximum TCR residue mismatches to Sahal*90

n=11
ns

0.0 0.5 1.0
Maximum TCR residue mismatches to Sahal*46

n=11
ns

10 15 20 25
% host expression of Sahal*90 (or closest host allele)

Classical MHC class | expression does not correlate with host-tumour classical MHC

class | mismatch in DFT1.

DFT1 hosts were genotyped for classical MHC class |, at the al-a2 domains (exons 2-

3) by NGS. Host genotypes were compared with DFT1 to assess the level of mismatch

between host and tumour classical MHC class | alleles. TCR residues predicted to

interact with the TCR were based on Bjorkman and Parham (1990). Graphs show
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classical MHC class | expression in DFT1 tumour biopsies (n=11) compared with (A)
minimum % sequence identity between host and DFT1 classical MHC class | alleles,
(B) maximum mismatches between host and tumour MHC class | alleles at residues
predicted to interact with the TCR, (C) minimum host % sequence identity and (D)
maximum TCR residue mismatches to DFT1 allele Sahal*90, (E) minimum host %
sequence identity and (F) maximum TCR residue mismatches to DFT1 allele Sahal*46,
(G) % host expression of common allele, Sahal*27, and (H) % host expression of
commonly mismatched allele, Sahal*90 (or the closest matched allele in the host).
Classical MHC class | expression scores are based on the strength of IHC staining. 0 =
no staining, 4 = very strong staining. Expression scores are discrete variables — jitter
has been applied to the data points for visualisation. None of these factors are
significant for differences in classical MHC class | expression (Spearman’s correlation).

‘ns’ = not significant (p>0.05).
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Figure D2 Classical MHC class | expression does not correlate with host-tumour classical MHC

class | mismatch in DFT2.

DFT2 hosts were genotyped for classical MHC class |, at the al-a2 domains (exons 2-
3) by NGS. Host genotypes were compared with DFT2 to assess the level of mismatch
between host and tumour classical MHC class | alleles. TCR residues predicted to
interact with the TCR were based on Bjorkman and Parham (1990). Graphs show
classical MHC class | expression in DFT2 tumour biopsies (n=17) compared with (A)
minimum % sequence identity between host and DFT2 classical MHC class | alleles,
(B) maximum mismatches between host and tumour MHC class | alleles at residues
predicted to interact with the TCR, (C) minimum host % sequence identity and (D)
maximum TCR residue mismatches to DFT2 allele Sahal*90, (E) % host expression of
common allele, Sahal*27, and (F) % host expression of commonly mismatched allele,

Sahal*90 (or the closest matched allele in the host). Classical MHC class | expression
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scores are based on the strength of IHC staining. 0 = no staining, 4 = very strong
staining. Expression scores are discrete variables — jitter has been applied to the data
points for visualisation. None of these factors are significant for differences in
classical MHC class | expression (Spearman’s correlation). ‘ns’ = not significant

(p>0.05).
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Appendix E Non-classical expression in DFT1

A Size B | size Size
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FigureE1l Coomassie and Western blots confirming Saha-UD protein production.

Recombinant Saha-UD heavy chain production was induced in Rosetta pLysS cells by
the addition of ImM IPTG. Culture media was collected every 1 hr and run on an SDS-
PAGE gel and either (A) stained with Coomassie blue, or transferred to a Western
blot and stained for (B) 6X-His tag and myc. All show an increase in band at ~45 kDa,

indicating Saha-UD heavy chain expression has been induced.

Figure E2 Recombinant heavy chain proteins for classical Saha-UC and non-classical Saha-UK,

analysed on an SDS-PAGE gel stained with Coomassie blue.
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Figure E3 Antibody affinity for antibodies against non-classical MHC class I, Saha-UD and
Saha-UK.

Protein titration of recombinant MHC class | heavy chain proteins for analysis of
antibody specificity by Western blot. (A) Recombinant non-classical, Saha-UD heavy
chain, stained with antibody a-UD_14-37-3. (B) Recombinant non-classical, Saha-UK

heavy chain, stained with antibody a-UK_15-29-1.
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Saha-UD expression score

Classical MHC class | expression score
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FigureE4 Tumour volume does not correlate with MHC class | expression by DFT1 tumour

cells or IFNy expression in DFT1 tumours.

Expression of (A) non-classical, Saha-UD (n=52), (B) non-classical MHC class I, Saha-
UK (n=51), (C) Classical MHC class | (n=52), and (A) immune marker, IFNy (n=44) in
DFT1 tumour biopsies compared with tumour volume in mm?3. Expression scores are
based on the strength of IHC staining; O = no staining, 4 = very strong staining.
Expression scores are discrete variables — jitter has been applied to the data points
for visualisation. There is no correlation between MHC class | or IFNy and tumour

volume (Spearman’s correlation). ‘ns’ = not significant (p>0.05).
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Figure E5 Non-classical, Saha-UD expression in DFT1 tumours does not correlate with host

factors, season, or tumour location.

Non-classical, Saha-UD expression in DFT1 tumour biopsies by (A) sex of host (n=68),
(B) age of host (years) (n=71), (C) secondary infection of the tumour (n=54), (D) host
tumour load (n=54), (E) season of sample collection (n=76), and (F) tumour location
(whether the tumour was cutaneous or mucosal) (n=53). Saha-UD expression scores
are based on the strength of IHC staining. O = no staining for Saha-UD, 4 = very strong
staining. Expression scores are discrete variables — jitter has been applied to the data
points for visualisation. None of these factors are significant for differences in

classical MHC class | expression. ‘ns’ = not significant (p>0.05).
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Figure E6 Non-classical, Saha-UK expression in DFT1 tumours does not correlate with host

factors, season, or tumour location.

Non-classical, Saha-UK expression in DFT1 tumour biopsies by (A) sex of host (n=67),
(B) age of host (years) (n=70), (C) secondary infection of the tumour (n=53), (D) host
tumour load (n=53), (E) season of sample collection (n=75), and (F) tumour location
(whether the tumour was cutaneous or mucosal) (n=52). Saha-UK expression scores
are based on the strength of IHC staining. 0 = no staining for Saha-UK, 4 = very strong
staining. Expression scores are discrete variables — jitter has been applied to the data
points for visualisation. None of these factors are significant for differences in

classical MHC class | expression. ‘ns’ = not significant (p>0.05).
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Figure E7 Non-classical Saha-UD expression does not correlate with host-tumour classical

198

MHC class | mismatch in DFT1.

DFT1 hosts were genotyped for classical MHC class |, at the al-a2 domains (exons 2-

3) by NGS. Host genotypes were compared with DFT1 to assess the level of mismatch

between host and tumour classical MHC class | alleles. TCR residues predicted to

interact with the TCR were based on Bjorkman and Parham (1990). Graphs show
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non-classical, Saha-UD expression in DFT1 tumour biopsies (n=11) compared with (A)
minimum % sequence identity between host and DFT1 classical MHC class | alleles,
(B) maximum mismatches between host and tumour MHC class | alleles at residues
predicted to interact with the TCR, (C) minimum host % sequence identity and (D)
maximum TCR residue mismatches to DFT1 allele Sahal*90, (E) minimum host %
sequence identity and (F) maximum TCR residue mismatches to DFT1 allele Sahal*46,
(G) % host expression of common allele, Sahal*27, and (H) % host expression of
commonly mismatched allele, Sahal*90 (or the closest matched allele in the host).
Saha-UD expression scores are based on the strength of IHC staining. 0 = no staining
for Saha-UD, 4 = very strong staining. Expression scores are discrete variables — jitter
has been applied to the data points for visualisation. None of these factors are
significant for differences in classical MHC class | expression (Spearman’s correlation).

‘ns’ = not significant (p>0.05).
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Figure E8 Non-classical Saha-UK expression does not correlate with host-tumour classical
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MHC class | mismatch in DFT1.

DFT1 hosts were genotyped for classical MHC class |, at the al-a2 domains (exons 2-

3) by NGS. Host genotypes were compared with DFT1 to assess the level of mismatch

between host and tumour classical MHC class | alleles. TCR residues predicted to
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interact with the TCR were based on Bjorkman and Parham (1990). Graphs show
non-classical, Saha-UK expression in DFT1 tumour biopsies (n=10) compared with (A)
minimum % sequence identity between host and DFT1 classical MHC class | alleles,
(B) maximum mismatches between host and tumour MHC class | alleles at residues
predicted to interact with the TCR, (C) minimum host % sequence identity and (D)
maximum TCR residue mismatches to DFT1 allele Sahal*90, (E) minimum host %
sequence identity and (F) maximum TCR residue mismatches to DFT1 allele Sahal*46,
(G) % host expression of common allele, Sahal*27, and (H) % host expression of
commonly mismatched allele, Sahal*90 (or the closest matched allele in the host).
Saha-UK expression scores are based on the strength of IHC staining. 0 = no staining
for Saha-UK, 4 = very strong staining. Expression scores are discrete variables — jitter
has been applied to the data points for visualisation. None of these factors are
significant for differences in classical MHC class | expression (Spearman’s correlation).

‘ns’ = not significant (p>0.05).
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