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Abstract

Influenza A virus (IAV) infection triggers annual seasonal epidemics and sporadic
pandemics outbreaks, resulting in significant morbidity and mortality globally. IAV-
specific CD8* T cells play a vital role in virus clearance. They recognise specific
peptide-MHC class | complexes (pMHC-I) on the surface of antigen presenting
cells (APCs) with T cell receptors (TCRs). As they recognise highly conserved
internal 1AV antigens, there has been considerable interest in studying their
protective role during IAV infection. Immunodominance has been studied for
decades; however, little is known about the broad-based T cell responses to 1AV in
humans. Therefore, the specific goal of this thesis is to characterise novel CD8* T
cell responses to IAV in a donor with broad-based IAV-specific CD8* T cell
responses. In this thesis, | first established and optimised a novel CD8* T cell
enrichment method based on CD8" T cell activation-induced CD3CD8
downregulation and successfully demonstrated that this method allows enriching a
low purity polyclonal CD8* T cell population (Chapter 3). Based on this method, |
then demonstrated the first case of broad-based CD8* T cell response to IAV and
identified seven highly-conserved novel IAV epitopes including the first HLA-
A*33:03 restricted 1AV epitope (Chapter 4). Interestingly, | observed that the NP-
and NS1-specific CD8* T cell responses were not fully elucidated using synthetic
18mer overlapping peptides. Next, the preliminary results in Chapter 5 indicated
that such CD8* T cells might recognise internally truncated pin-peptides, likely
encoded by alternative reading frame (ARF). Together, this thesis demonstrates a
novel approach for enriching rare antigen-specific CD8* T cells and exploring
broad-based CD8* T cell response to IAV. Data presented in Chapter 5 may
ultimately lead to insights into the generation of ARF peptides or spliced ARF
peptides during IAV infection.
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Chapter 1: General introduction



Chapter 1

1.1The overview of the immune system

Humans encounter potentially disease-causing pathogens such as bacteria and
viruses in our daily life. Our immune system is composed of a group of cell types
and some specific molecules, which together fight off harmful organisms and
ensure our body disease-free. The immune response can be divided into the innate
(natural) and the adaptive (acquired) responses (Chaplin, 2010).

1.2 Innate immune system

Innate immunity provides host defence through the activity of by using phagocytic
cells (neutrophils, macrophages and dendritic cells), inflammatory mediator-
releasing cells (mast cells), natural killer (NK) cells and molecular components
such as complement, cytokines, and many physiological and chemical barriers
(Delves et al., 2000; Parkin et al., 2001). The innate immunity is rapid in response
to pathogens but generally lacks specificity and immunologic memory (Chaplin,
2010). Its most important role is to serve as the first line of defence while cells of
the adaptive immune system undergo clonal expansion. Importantly, although
innate and adaptive immunity are often described as separate and contrasting
systems, they actually work together to eradicate pathogens.

1.2.1 Dendritic Cells

Dendritic cells (DCs) are the major professional antigen-presenting cells (APCs)
derived from bone marrow precursors. Most importantly, DCs make a critical
connection between the innate and the adaptive immune systems. They were first
discovered by Ralph Steinman in 1973 (Steinman et al., 1973), since then DCs
have been extensively studied, with a number of different subsets discovered
(Steinman, 2012). The differentiation and function of DCs can be modulated
through different growth factors and cytokines such as granulocyte/macrophage
colony-stimulating factor (GM-CSF), macrophage-colony stimulating factor (M-
CSF), fms-like tyrosine kinase 3 (FIt3) and transforming growth factor f (TGF-B)

(Banchereau et al., 2000). Therefore, there are a large variety of DCs and they

2
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perform diverse functions. Human DCs can be classified as plasmacytoid DCs
(pDCs), conventional DCs (cDCs), and monocyte-derived DCs (mDCs) (K. Liu et
al., 2010; Merad et al., 2013). DCs, as our immune sentinels, constantly survey
through the blood and peripheral tissues looking for any invading pathogens
(Guermonprez et al., 2002). Once they detect invaders they will sample their
antigens and bring them to the local lymph nodes to activate both B cells and T
cells. Alternatively, antigens enter lymph nodes via the circulation or lymph can be
presented by the resident DCs to B and T cells (Banchereau et al., 1998). During
Influenza A virus (IAV) infection, DCs can acquire antigen through two different
mechanisms. The first is that DCs are directly infected by IAV and therefore
produce IAV antigens (Bhardwaj et al., 1994; Hamilton-Easton et al., 1995) and the
second is that DCs acquire 1AV antigens via phagocytosis of virus particles or
infected apoptotic cells or cell debris (Banchereau et al., 1998; Mori et al., 1995).
DCs activate B cells by directly display viral antigens which are recognised by B-
cell receptors (B cell surface antibodies). However, DCs activate T cells by
displaying processed peptide fragments as peptide major histocompatibility
complex class | (pMHC-I) or peptide MHC-II (pMHC-II) complexes on their surface
through MHC-I or MHC-Il antigen processing and presentation pathways. The
MHC-I antigen presentation pathways will be further reviewed in below section
1.5.3.

1.3 Adaptive immune system

Upon virus infection, both innate and adaptive immune systems are activated. The
adaptive immune system is composed of humoral (antigen-specific antibodies) and
cellular immune arms (antigen-specific CD4* and CD8* T cells). During the first
pathogen encounter, the adaptive immune responses get into effect relatively
slowly as the responses are based on the expansion of limited antigen-specific B
and T cells that are highly specific to their target antigens (Chaplin, 2010). Once
activated, T cells will leave the lymphoid tissue and travel to infection sites to clear
infected cells. On the other hand, activated B cells will differentiate into mature
plasma cells to release high affinity antibodies into the blood and tissue fluids to

neutralize the invading pathogens and aid to innate immune response, such as
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complement activation and flagging the pathogens to the innate immune cells, such
as NK cells and phagocytes, for destruction (Delves et al., 2000). Most importantly,
during pathogen reencounter, the adaptive response is rapid and much stronger
due to immunological memory, which forms the basis of modern vaccination
(Krammer, 2019).

1.3.1 Humoral immunity to IAV

IAV infection induces virus-specific neutralising antibodies produced by B cells
(Waffarn et al., 2011). The virus-specific antibodies largely direct toward 1AV
surface glycoproteins haemagglutinin (HA) and neuraminidase (NA) and have
been shown to be protective (McKinstry et al., 2013; Treanor, 2004).

1.3.1.1 B cells and anti-IAV immunity

B cells are developed in the bone marrow, then differentiate into mature B cells in
the secondary lymphoid organs such as spleen and lymph nodes, where they
encounter antigen and become fully activated (Bertrand et al., 2000; Yuseff et al.,
2013). B cells are well known as the precursors of antibody-secreting cells (Burnet,
1976), which play a significant role in protection against influenza infection
(Gerhard et al., 1997; Simmons et al., 2007). It has been demonstrated that B cell-
mediated immunity is an essential part of immune response not only to influenza
virus infection but also the influenza virus vaccines. There are multiple ways B cells
respond to IAV infection (Waffarn et al., 2011). First, B cells produce IAV-specific
Immunoglobulin M (IgM), which are generally of lower affinity and the response
does not require T cell help (Baumgarth et al.,, 1999; Baumgarth et al., 2000).
Second, IAV antigen recognised by IgM on B cell can be endocytosed, further
processed and re-expressed on the MHC-II molecule of the B cell to activate CD4*
T cells. The activated CD4* T cells can then help such B cell to mature into high-
affinity antibody-secreting cells. This is known as T cell-dependent B cell
responses (Chaplin, 2010; Parkin et al., 2001). Lack of CD4* T cell help leads to a
significant reduction of humoral response after IAV infection (Mozdzanowska et al.,
2005).
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1.3.2 Cellular immunity to 1AV

IAV infection also stimulates cellular immunity characterised by the activation and
proliferation of effector T lymphocytes (Butcher et al., 1996; Sun etal., 2013). There
are two major types of T lymphocytes, which can simply be differentiated by the
expression of surface markers as the helper T cells bearing CD4 co-receptor and
cytotoxic T cells bearing CD8 co-receptor (Delves et al., 2000). CD4* T cells play
“help” role in a range of immune responses, such as helping B cells to mature and
produce high-affinity and class-switched antibodies; helping CD8* T cells to form
memory cells and their subsequent antigen-specific expansion (Sun et al., 2013);
inducing some innate cell differentiation, such as macrophages (Zhu et al., 2008)
and maintaining immune homeostasis (Peterson, 2012; Stockinger et al., 2004).
CD8* T cells are cytolytic, they are involved in viral clearance and cancer
elimination (Hamada et al., 2013). CD8* and CD4* T cells work together to ensure

effective immune surveillance (Ostroumov et al., 2018).

1.3.2.1 CD4* T cells and anti-IAV immunity

CDA4* T cells are a group of cells with different functions and can be subdivided into
four subsets according to their cytokine production (Zhu et al., 2008). These
populations are Thl, Th2 (Mosmann et al., 1986), Th17 (Harrington et al., 2005;
Park et al., 2005), and regulatory T cells (Tregs) (W. Chen et al., 2003; Sakaguchi
et al., 2011; Zhu et al., 2008). CD4* T cells are well-known in their roles of helping
CD8* T cells and B cells (Mozdzanowska et al., 2005; Sun et al., 2013; Swain et
al., 2012), however, they also play direct roles against IAV infection (Swain et al.,
2012) that is independent of their helper capacity. For example, Teijaro et al.
demonstrated that both HA-specific and polyclonal 1AV-specific mouse memory
CD4* T cells provided direct protection against IAV infection, resulting in enhanced
lung viral clearance, recovery from sublethal and lethal virus challenge in the
absence of CD8* T cells, B cells, or other lymphocytes (Teijaro et al., 2010). In
addition, a recent study, using 41 healthy volunteers inoculated with IAV
intranasally, observed that the pre-existing CD4* T cell response, but not CD8* T

cell responses, correlated with lower virus shedding and less severe iliness



Chapter 1

(Wilkinson et al., 2012). As this thesis is concentrated on characterising human
IAV-specific CD8* T cell responses to novel IAV epitopes, the detailed function of
CD4* T cell response to IAV will not be further discussed except for those

specifically mentioned in the discussion.

1.3.2.2 CD8* T cell and anti-IAV immunity

CD8* T cells play an influential role in controlling and eradicating virus during IAV
infection (McMichael et al., 1983). Naive CD8" T cells emigrate from thymus before
travelling to secondary lymphoid tissues such as lymph nodes and spleen (Butcher
et al.,, 1996), where they wait for activation by DCs (Banchereau et al., 1998;
Steinman, 2012). Naive CD8* T cells are activated once they recognise virus
peptides associated with MHC-I, in the presence of co-stimulation, on antigen-
presenting cells, usually lymph node resident DCs (Butcher et al., 1996). Upon
activation, they proliferate and differentiate into virus-specific CD8* T cells , which
are capable of producing various proinflammatory cytokines, such as interferon-
gamma (IFN-y), interleukin (IL)-2, and tumour necrosis factor alpha (TNF-a), and
chemokines, such as CCL3, CCL4, CCL5, CCL9 and CCL10. These molecules
can either directly impede viral function or recruit other immune cells to assist with
virus elimination (Garcia-Hernandez Mde et al., 2010; Hamada et al., 2013). In
addition, La Gruta et al. described a hierarchical cytokine expression for 1AV-
specific CD8* T cells, demonstrating all IL-2 and TNF-a producing CD8* T cells are
also capable of producing IFN-y, but not vice versa (La Gruta et al., 2004). Hence,
the production of IFN-y is used as the readout cytokine for assessing antigen-
specific CD8* T cell response after IAV infection in this thesis to avoid

underestimation.

A few studies demonstrated that transferred IAV-specific CD8* T cells in mice
confer powerful viral clearance and reduced mortality after IAV infection (Taylor et
al., 1986; Wells et al., 1981; Yap & Ada, 1978; Yap, Ada, et al., 1978). In addition,
mice lacking CD8* T cells showed delayed IAV clearance and increased mortality
after IAV challenge (Bender et al., 1992). The early murine studies provided a basic

understanding of how CD8* T cells eliminate IAV infection. It has been
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demonstrated that IAV-specific CD8* T cells mainly respond to conserved internal
IAV proteins such as Nucleoprotein (NP) and Matrix protein 1 (M1) rather than
surface proteins HA and NA (E. Grant et al., 2013; Wu et al., 2011). Therefore,
CD8* T cell displayed a commanding role in recognising different IAV strains (Gras
et al., 2010; Lee et al., 2008). A more recent study provided evidence that human
CD8* T cells showed cross-protection against influenza A, B and C viruses
(Koutsakos et al., 2019). Additionally, memory CD8* T cells showed protective
immunity against pandemic strains, such as 2009 H1N1 (Gras et al., 2010;
Greenbaum et al., 2009) and decreased disease severity induced by newly
emerged H7N9 (Z. Wang et al., 2015). Hence, IAV-specific CD8* T cells become
a promising research target for better understanding and designing future universal

IAV vaccines.

1.4 1AV infection

Last year marked the centenary of the 1918 Influenza pandemic. One hundred
years on, IAV infection remains a tough public health problem. It remains one of
the most contagious acute respiratory infectious disease that causes profound
morbidity and mortality worldwide (Short et al., 2018). Influenza epidemics can
often be deadly to individuals in the elderly, infants, Indigenous populations, as well
as immune compromised groups such as pregnant women and those with serious
medical conditions (Bishop et al., 2009). According to the World Health
Organization (WHO), seasonal influenza epidemics cause approximately 3-5
million severe cases and nearly 290,000-650,000 deaths worldwide annually

(https://www.who.int/en/news-room/fact-sheets/detail/influenza-(seasonal)). The

1918 H1N1 influenza pandemic caused approximately 50 million deaths worldwide
(Martini et al., 2019; Saunders-Hastings et al., 2016). Except for the most
devastating 1918 H1IN1 Influenza pandemic, three other Influenza pandemics
occurred in the past 100 years. The 1957, 1968 and 2009 pandemics caused by
IAV H2N2, H3N2 and H1N1, respectively (Krammer et al., 2018). In 2009, a novel
swine-origin IAV (H1N1) rapidly circulated globally and resulted in the first influenza
pandemic in the 215t century (Bautista et al., 2010; Echevarria-Zuno et al., 2009).

From April 12, 2009 to April 10, 2010, there were approximately 60.8 million
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illnesses, 274,304 hospitalisations, and 12,469 deaths caused by the 2009
Influenza pandemics in the United States (Shrestha et al., 2011). Thus, an effective
method of preventing influenza epidemics and influenza-related diseases is
urgently needed, especially for people in the specific groups with compromised

immune functions.

1.4.1 IAV and its genome

Influenza virus belongs to the Orthomyxoviridae family; there are three types of
influenza viruses, Influenza A virus (IAV), Influenza B virus (IBV), Influenza C virus
(ICV) (Krammer et al., 2018). Among them, IAV is considered to be the most
common circulating virus and has been the most studied. Previous studies reported
that IBV infection could also dominate an influenza season and cause severe
influenza-related diseases (Koutsakos et al., 2016); whereas ICV only causes
disease in children (Matsuzaki et al., 2006). As this thesis concentrates on IAV-
specific CD8* T cell immunity, the IBV and ICV will not be further reviewed.

In brief, IAV is an enveloped, negatively-sensed, single-stranded RNA virus with
eight gene segments encoding 12 proteins with known functions (Wise et al., 2009).
There are up to 5 other IAV proteins identified, however their specific biological
functions remain unclear (Muramoto et al., 2013; Selman et al., 2012; Wise et al.,
2009; Wise et al., 2012). For the specific purpose of this thesis, only the 11-known
functional IAV proteins are investigated in this study (excluding PA-x). Additionally,
there is standardized nomenclature used for describing IAVs. For example, in the
name of A/Beijing/262/1995(H1N1): A, virus type (A, B, C); Beijing, the geographic
origin of the virus isolation; 262, the strain number of the isolate; 1995, the year of

isolation; HIN1, the hemagglutinin and neuraminidase subtypes.

The genome of IAV was sequenced during the 1970s (Palese et al., 1976). After
genetic screening, it was believed that eight IAV RNA segments encoded ten virus
proteins (Figure 1.1). They are the polymerase basic proteins 1 (PB1) and 2 (PB2),
the polymerase acidic protein (PA), nucleoprotein (NP), hemagglutinin (HA),
neuraminidase (NA), matrix proteins 1 (M1) and 2 (M2), and non-structural protein
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1 (NS1) and 2 (NS2) (Vasin et al., 2014). In 2001, the 11" IAV protein was identified
by Chen and colleagues, it is a small pro-apoptotic mitochondrial protein translated
from the +1-reading frame of PB1 and named as PB1-F2 (W. Chen et al., 2001).
More recently, one more novel IAV protein which modulates the host response to
infection from the +1 ribosomal frameshifting of the 1AV segment 3 was found and
called PA-x (Jagger et al., 2012). In addition, five 1AV partial, in-frame translation
products were recently identified: PB1-N40 (Wise et al., 2009), PA-N155 and PA-
N182 (Muramoto et al., 2013), M42 (Wise et al., 2012), NS3 (Selman et al., 2012),

however, their biological function are not clearly demonstrated.
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Figure 1.1. The structure of IAV particle

IAV is a negative-sense RNA virus with eight gene segments encoding 12 1AV
proteins with known biological function. Three gene segments encode proteins
which form the virus polymerase complex: the segment 1 encodes the polymerase
basic protein 2 (PB2); the segment 2 encodes the polymerase basic protein 1 PB1
and also a small pro-apoptotic mitochondrial protein which is translated by the +1
reading frame of PB1 and named PB1-F2 (W. Chen et al., 2001); the segment 3
encodes the polymerase acidic protein (PA), and more recently, +1 ribosomal
frameshifting product of the segment 3 was found and named as PA-x (Jagger et
al., 2012). The segments 4 and 6 encode the surface glycoproteins haemagglutinin
(HA) and neuraminidase (NA), respectively. The segment 5 encodes the
nucleoprotein (NP) which binds to the viral RNA. The segment 7 encodes the
matrix proteins M1 and M2. The segment 8 encodes two non-structural proteins
NS1 and NS2. Schematic diagram adapted from (Krammer et al., 2018)
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1.4.2 The limitations of current influenza vaccines

Currently, the most common and effective way of controlling IAV infection is IAV
vaccines. They play an important role in reducing hospitalisation and morbidity rate
with seasonal influenza epidemics. These IAV vaccines mainly target the surface
IAV proteins HA and NA, eliciting humoral immune response by activating B cells
to yield virus neutralising antibodies against predicted circulating IAV strains for the
upcoming season (E. J. Grant et al., 2014; Wrammert et al., 2008). However, the
surface proteins HA and NA are frequently mutated due to antigenic drift which is
largely triggered by point mutations in the protein’s coding gene segments (Grebe
et al., 2008); and antigenic shift caused by genetic re-assortment of same gene
segments when the host cells are simultaneously infected by two different 1AV
strains (Taubenberger et al., 2010). Therefore, if the predicted strain does not
match the seasonal circulating 1AV strains, the current antibody-based vaccines
will not provide immune protection. Therefore, novel and more universal vaccines
are urgently needed (Grebe et al., 2008). 1AV-specific CD8* T cells typically
recognise the conserved internal 1AV proteins such as NP and M1 rather than the
highly mutated surface proteins HA and NA (E. Grant et al., 2013; Wu et al., 2011).

Hence, CD8* T cell-based vaccines have the potential to be cross-strain protective.

1.4.3 Indigenous Australian’s response to IAV infection

Indigenous populations are more susceptible to severe influenza disease and have
a high risk to develop influenza-related complications (La Ruche et al., 2009).
Previous studies reported that up to 10-20% of Indigenous Australians died from
the1918-19 influenza pandemic. Additionally, studies of 2009 H1N1 influenza
pandemic (pH1N1) showed that remote-living Aboriginal and Torres Strait Islander
people were particularly susceptible to pandemic IAV infection when compared to
non-Indigenous groups (Chidgzey et al., 2015). More specifically, the higher
pandemic attack and complication rates were associated with markedly higher
hospitalisation, intensive care unit admission and death rate for Indigenous
Australians during the 2009 pandemic period (Flint et al., 2010; Kelly et al., 2009).
Several earlier studies indicated that Indigenous Australians have different HLA

11
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molecules to those in the non-Indigenous populations (Lester et al., 1995; Lienert
et al., 1995), suggesting that specific HLA molecules may have a connection with
severe influenza disease. It has been subsequently demonstrated that individuals
express HLA-A*24:02, HLA-A*01:01, HLA-A*68:01, HLA-B*15:01 showed more
limited CD8* T cell response during IAV infection (Quinones-Parra et al., 2014).
Among all, HLA-A*24:02 allele is highly expressed in Indigenous populations and
was also shown to be associated with pH1N1 influenza-induced mortality (Clemens
et al., 2016; Hertz et al., 2013). However, few studies have been conducted to
identify CD8* T cell epitopes presented by HLAs related to Indigenous Australian
populations. Hence, it is of great importance to further investigate the fine immune
response in association with host factors, such as HLA alleles to better understand

severe IAV infection in Indigenous groups.

1.5 Antigen recognition by CD8* T cells

1.5.1 The major histocompatibility complex class | (MHC-I)

molecules

MHC molecules are the targets of antibodies and CD8* T cells during rejection of
organ transplants (Bach et al., 1976). The main function of MHC-I molecules is to
induce tolerance to self-antigens in the thymus and enable immune surveillance by
displaying foreign antigen-derived peptides to CD8* T cells. Mature CD8* T cells
bearing unique T cell receptors can recognise MHC-I molecules associated with
non-self-peptides (Robey et al., 1994). Normally, one CD8* T cell only interacts
with a single foreign peptide bound to a particular MHC-I molecule, a phenomenon
known as MHC restriction first demonstrated by Zinkernagel and Doherty in 1974
(Zinkernagel et al., 1974).

MHC-I molecules are expressed by almost all nucleated cells, they are type |
transmembrane glycoproteins (Halenius et al., 2015) and comprised of two
polypeptide chains: a heavy chain and a non-covalently attached 2-microglobulin
(B2am) light chain (Figure 1.2) (Bjorkman et al., 1987b). The heavy chain is

composed of a cytoplasmic tail, a transmembrane region and an extracellular

12
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region (Klein et al., 2000; McCluskey et al., 1999). The extracellular part of the
heavy chain folds into a1, a2, and a3 domains. The a1 and a2 domains form a
peptide-binding groove that selects peptides of 8-12 amino acids in length and it is
also the region that interacts with a specific T cell receptor on a CD8* T cell (Figure
1.2) (Bjorkman et al., 1987b; Hewitt, 2003; Rist et al., 2013). The MHC-I antigenic
specificities are determined by the a1 and a2 domains as they contain variable
amino acid sequence (Bjorkman et al., 1987a). f2m has extensive contacts with all
three domains of the heavy chain (Bjorkman et al., 1987a, 1987b). The a3 domain
and B2m are invariant and share primary structural homology with immunoglobulin

constant domains (Orr et al., 1979).
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Figure 1.2. The structure of MHC-I molecule with a peptide ligand

The above figures show an HLA-A*2 complexed with M1ss-66 derived from 1AV M1
protein. The structure of MHC-I composes of three domains (a1, a2 and a3, shown
in teal) from the heavy chain and a non-covalently bound light chain fm (shown
in grey). a1 and a2 domains form the top of the molecule with their helical sides
facing away from the cell. These domains are distal to the cell membrane. They
also form a peptide-binding cleft which binds the M1ss-6s peptide (shown in red) in
both pictures. a3 and B2m underneath the a1 and a2 domains are proximal to the
cell membrane (Bjorkman et al., 1987b). Images adapted from (Blum et al., 2013).
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1.5.2 The Human Leukocyte Antigen (HLA) and their

polymorphisms

In humans, the MHC genes are known as the Human Leukocyte Antigens (HLA)
and located on the short arm of chromosome 6. HLA class | (HLA-I) and class I
(HLA-II) are both glycoproteins, which provide complementary functions in
supporting peptide-binding and presenting them to T cells. Humans have three
MHC-1 gene loci encoding up to 6 class | molecules known as HLA-A, -B, -C;
similarly, there are three MHC-II loci encoding up to 6 class Il molecules, known as
HLA-DR, -DQ, -DP (Blum et al., 2013). HLA genes are extremely polymorphic in
human populations, resulting in thousands of individual HLA-I and HLA-II alleles.
There are about 3,489 HLA-A, 4,356 HLA-B and 3,111 HLA-C alleles deposited in
the Allele Frequency Net Database (Robinson et al., 2017). The polymorphisms
lead to amino acid substitutions concentrated around the peptide-binding cleft of
the a1 and a2 domains. The result is each HLA allele encodes an HLA that
possesses almost unique peptide-binding characteristics (Bjorkman et al., 1987a;

Sidney et al., 2008). Hence, HLA-I polymorphism directly impacts peptide selection.

1.5.3 MHC-I antigen processing and presentation pathway

Like all viruses, IAV replicates in the infected host cell. The MHC-I antigen
presentation pathway plays a major role in alerting the host immune system of virus
infection, which can be simply summarised as four main steps: a, peptide
generation; b, peptide transportation; c, peptide loading and assembling with MHC-

| molecules; d, antigen presentation (Figure 1.3) (Leone et al., 2013).

Early studies indicated that most MHC-l-associated peptides derive from
proteasome degradation products of cytosolic (Bennink et al., 1982; Yewdell et al.,
1988), nuclear (Gooding et al., 1983), and mitochondrial proteins (Udaka et al.,
1993). Taking IAV infection as an example, viral proteins are degraded by
proteasome into peptides ranging from 2 to 25 residues (Bell et al., 2009; Leone et
al., 2013). These peptides are then translocated into the endoplasmic reticulum

(ER) through the transporter associated with antigen processing
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(TAP1+TAP2=TAPS) (York et al., 1996). Peptides transported into the ER via TAPs
with suitable length are loaded onto nascent MHC-I molecules facilitated by the
“peptide-loading complex” composed of ER resident chaperone proteins: Calnexin
(Diedrich et al., 2001), Calreticulin (Sadasivan et al., 1996), ERp57 (Hughes et al.,
1998), and Tapasin (Ortmann et al., 1997). Tapasin has been known as the first
peptide editor that affect peptides loading onto MHC-I molecules (Howarth et al.,
2004; Sadasivan et al., 1996). However, a recent study has reported that tapasin-
related protein, named TAPBPR, function as a second peptide editor (Hermann et
al., 2015; lica et al., 2018; Morozov et al., 2016); the crystal structure of a TAPBPR-
MHC-I complex was also reported (Jiang et al., 2017). Although TAPBPR is not
part of the peptide-loading complex, it works together with tapasin to ensure that
peptides of best affinity and length are assembled with MHC-1 molecules (Boyle et
al., 2013). As MHC-I peptide-binding cleft usually accommodate 8-12 amino acid
long peptides, loaded longer peptides with amino-terminal extensions are trimmed
by an ER resident enzyme called endoplasmic reticulum aminopeptidase ERAP1
(Chang et al., 2005; Snyder et al., 1994) and ERAP2 (Saveanu et al., 2005).
ERAP1 and ERAP2 act as a “molecular ruler” to trim the longer peptides (Chang
et al., 2005; Saveanu et al., 2005). Once a peptide is stably bound to an MHC-I
molecule and released from the peptide-loading complex, the peptide MHC-I
(PMHC-1) complex leaves ER, travels through Golgi apparatus and migrates to

plasma membrane awaiting antigen-specific CD8* T cell recognition.
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Figure 1.3. lllustrative overview of MHC-I antigen process and presentation

pathway

The intracellular antigenic peptides presented by MHC-I molecules can be simply
summarized as four steps. First, viral proteins go through proteasome-mediated
degradation (a); second, peptides are translocated into ER through TAPs (b) and
assembled with MHC-I molecules by ER chaperones, a complex also called
“peptide-loading complex” (c); the already bound peptides can be edited by
Tapasin and its homolog TAPBPR (d); third, longer peptides can be trimmed by
ERAP1 and ERAP2 (e); last, the pMHC-I complex leaves ER, travels through Golgi
and finally arrives to the cell surface, awaiting CD8* T cell recognition (f-g).
Schematic adapted from (Di Carluccio et al., 2018).
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1.6 The T cell receptor

1.6.1 TCR gene rearrangement, complementarity-determining

region, and repertoire diversity

CD8* T cells recognise virus pMHC-I on the surface of antigen presenting cells
through their T cell receptors (TCRs) (Davis et al., 1988). TCRs (Figure 1.4) are
membrane-bound heterodimers, a and  chain, each of which contains a variable
(Va and VpB) and constant (Ca and CB) domains (Chothia et al., 1988). The V
domain of the 3 chain is encoded by three gene segments: variable (V), diversity
(D) and Junctional (J), while the V domain of a chains is encoded by V and J
segments only (Chothia et al., 1988; Davis et al., 1988). The V gene segments
encoded three regions of hypervariability, termed complementarity-determining
regions (CDRs): CDR1, CDR2, and CDR3 (Chothia et al., 1988; Turner et al., 2006).
The TCR diversity depends on not only the use of different CDR1 and CDR2
sequence but also the combinatorial and junctional variation in CDR3 (Pannetier
et al., 1993).
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Figure 1.4. The structure of TCR interacts with a pMHC-I complex

The TCR heterodimer is consisted of two polypeptide chains, a and 3 chain, each
of which contains a variable (Va and VB) and a constant (Ca and C3) domain. The
variable domains interact with the pMHC-I complex. Picture adapted from

www.ncbi.nlm.nih.gov protein data bank and analysed using Cn3D version 4.3.
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1.6.2 TCR and CD3 complex

The TCR-CD3 is a multi-subunit cell surface protein complex composed of an
antigen-binding TCR af and CD3 complex (Wegener et al., 1992). More
specifically, the TCR a and B subunits exist as a disulfide-linked heterodimer,
possessing short cytosolic tails and clonally variable regions that determine its
antigen specificity (Davis et al., 1988; Krogsgaard et al., 2005); the CD3 complex
is formed by CD36¢ and CD3ye¢ heterodimers, and CD3¢C homodimers (Clevers et
al., 1988; Smith-Garvin et al., 2009). Unlike the TCR af chains, CD3 components
possess large intracytoplasmic domains responsible for coupling antigen
recognition to various signal transduction pathways (Wegener et al., 1992). CD3y,
0 and € each possesses an intracellular immunoreceptor tyrosine-based activation
motifs (ITAMs), while CD3( possesses three ITAMs in a tandem arrangement.
Phosphorylation of these ITAMs leads to signal transduction and ultimately T cell
activation (Kane et al., 2000; Kuhns et al., 2012). It has been demonstrated that
CD3-y phosphorylation mediates the downregulation of TCR/CD3 complex after T
cell activation (Cantrell et al., 1985; Krangel, 1987)

1.6.3 CD3CD8 downregulation

CD8 is known as the coreceptor on cytotoxic T cells and associated with a
cytoplasmic tyrosine kinase P56/ (Ick) molecule (Veillette et al., 1988). It is a
transmembrane glycoprotein which facilitates and amplifies pMHC-I triggered T cell
activation (Bierer et al., 1989; G. F. Gao et al., 2000; Holler et al., 2003; Janeway,
1992). It binds to the a3 domain of the MHC-I that the TCR interacts with for optimal
signal transduction during T cell activation (Janeway, 1992; Miceli & Parnes, 1991,
Miceli, von Hoegen, et al., 1991; Salter et al., 1990). When CD8 molecule is
blocked or in absence, such T cell activation is either blocked or requires longer
TCR engagement time (Arcaro et al., 2001). Most importantly, CD8 engagement
enhances and stabilises the interaction of TCR/pMHC-I with lower affinity (Laugel
et al., 2007; Schott et al., 2002). As CD8 is typically expressed on cytotoxic T cells,

it is commonly used as the marker to define cytotoxic T cells. Upon activation CD8*
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T cells not only down-regulate their TCR (CD3) complexes (Valitutti et al., 1995)
but also its coreceptor CD8 (Xiao et al., 2007).
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1.7 Immunodominance hierarchy

Following 1AV infection, the viral proteins are processed through MHC-I antigen
processing and presentation pathway and their peptides presented as pMHC-I
complexes to the cell surface and recognised by anti-viral CD8" T cells.
Immunodominance is a central feature of virus-specific T cell responses. In spite
of thousands of peptides generated during IAV infection, only a small number of
them are capable of eliciting a measurable CD8* T cell response; and often only a
single or a couple of such epitopes stimulate an immunodominant T cell response.
This phenomenon is termed as immunodominance (Yewdell et al., 1999). The
epitopes that trigger significant anti-viral CD8* T cell responses are called
immunodominant determinants; however, those stimulate much weaker responses

are known as subdominant determinants (Yewdell et al., 1999).
1.7.1 Individual MHC-I affect immunodominance

Immunodominance has been studied for decades, however, the mechanisms are
not fully understood. Most studies that investigated the underlying mechanisms of
immunodominance often used syngeneic mouse models, such as the well-studied
influenza infection model in the C57BL/6 and BALB/c mice (Belz et al., 2000; W.
Chen et al., 2000), Lymphocytic choriomeningitis virus (LCMV) infected C57BL/6
and BALB/c mice (Oldstone et al., 1995), recombinant vaccinia virus (rVV) infected
C57BL/6 mice (Tscharke et al., 2005), Herpes simplex virus (HSV) infected
C57BL/6 mice (Wallace et al., 1999), and many others. In such studies, factors,
such as peptide-binding ability to MHC, antigen-processing efficiency, and TCR
repertoires are investigated (Belz et al., 2000; W. Chen et al., 2000; Oldstone et
al., 1995; Tscharke et al., 2005; Wallace et al., 1999). Other factors influence
immunodominance are also studied, including the ability of immunodominant CD8*
T cells to actively suppress subdominant ones (Deng et al., 1997; Grufman et al.,
1999; Zinkernagel et al., 1978). Importantly, few studies focused on MHC
molecule’s difference and its impact on immunodominance. In humans, HLA genes
are extremely polymorphic, which means that they contain different alleles. Each

allele is given a few unique sets of numbers separated by colons, for instance, like
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HLA-A*02:01. It is well demonstrated that individual's HLA plays a major role in
setting the immunodominance hierarchy. For example, the discovery of the
immunodominant 1AV epitope restricted to HLA-A*02:01 (Gotch et al., 1987); and
similarly the Epstein-Barr Virus (EBV) epitope EBNA3As325-333 presented by HLA-
B*08:01 (Burrows et al., 1995). More strikingly, in human immunodeficiency virus
(HIV) infected individuals who express HLA-B*57 or HLA-B*58:01, Gag240-249
epitope is presented by these HLA alleles and stimulates an immunodominant
CD8* T cell response, which not only protects the individuals but also forces the
virus to mutate 242T—N resulting in a much-weakened virus. When this virus is
passed to their newborn babies vertically, if the baby does not express HLA-B*57
or HLA-B*58:01 the virus mutates back to 242T (Leslie et al., 2004).
Immunodominant CD8* T cell responses in humans have been also widely
observed in other viral infections such as cytomegalovirus (CMV) and hepatitis B
virus (HBV) (Elkington et al., 2003; Lacey et al.,, 2003; Malik et al., 2017;
Schirmbeck et al., 2002)

1.7.2 HLA dependent immunodominance

As HLA molecules are highly polymorphic and few individuals share the same HLA
alleles, the observed immunodominance in humans has been much less
reproducible than those observed in the syngeneic murine systems. In the context
of IAV, for example, through a systematic approach, our laboratory demonstrated
that not all individuals expressing HLA-A*02:01 show immunodominant response
to Mlsses (Wu et al., 2011). As this epitope is rarely mutated, the lack of
immunodominant response to this epitope is likely the result of emerging novel
immunodominant epitopes associated with other HLA molecules co-expressed
with HLA-A*02:01 in these individuals (Wu et al., 2011). Moreover, in a group of
HLA typed donors, Boon et al. demonstrated CD8* T cell responses to HLA-
A*01:01 and HLA-B*08:01 were dominated by the response induced by HLA-
A*02:01-, HLA-B*27:05- and HLA-B*35:01-restricted epitopes (Boon et al., 2004).
Thus, if one individual expresses a set of HLA molecules that do not present any
immunodominant CD8* T cell epitope from IAV, the prediction would be CD8* T

cell responses in this individual will likely be broad and even to many determinants

23



Chapter 1

during 1AV infection and lack pronounced immunodominance. Such type of
response has not been previously reported for CD8* T cells.

1.7.3 Broad-based polyclonal CD8* T cell responses

Chen et al. reported a broad-based IAV-specific CD4* T cell response from a
healthy donor, in which no clear immunodominant response was observed (L.
Chen et al., 2017). Following a systematic epitope discovery approach developed
previously by our group (Wu et al., 2011), Chen et al. found that IAV-specific CD4*
T cell responses focused on M1 and NP at the protein antigen level, however, at
the peptide level, IAV-specific CD4" T cells responded to nine antigenic regions
from M1 and NP. Of interest, not a significant immunodominant region can be
detected from these nine antigenic regions (L. Chen et al., 2017). According to the
literature search, no such phenomenon has been reported in antigen-specific CD8*
T cell response to IAV infection. Hence, it would be interesting to investigate IAV-
specific CD8* T cells to see whether such a broad-based response can also be

observed.

1.8 Peptide-binding motifs and epitope prediction

Classically, HLA-I molecule has six pockets (A, B, C, D, E, F) distributed along the
length of the peptide-binding cleft (Figure 1.5). Among these, there are generally
two or less commonly three pockets that accommodate the side chains of selected
amino acids, which are often termed anchor residues, as these residues are
believed to play a more dominant role during HLA binding (Falk et al., 1991,
Rammensee et al., 1999). For most of the HLA-I binding peptides, the two anchor
residues can be found at P2 (pocket B) and C-terminus (pocket F) (Figure 1.5)
(Falk et al., 1991; Falk et al., 1994). Pocket F often selects a bulky, hydrophobic or
charged residue (Toes et al., 2001), while pocket B usually selects hydrophobic or
charged residues, they are generally not as strict as for the F pocket anchor
(Yewdell et al., 1999). These specific anchor requirements are often referred as
“peptide-binding motifs”, which is available for many HLA molecules. Such motifs
define certain peptide positions as primary and secondary anchors involved in HLA
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binding. In some cases, such motifs also list the preferred and deleterious residues
at these positions. Some motifs show more stringent peptide-binding requirements
and, as a result, actually allow reasonably accurate peptide prediction (lbe et al.,
1996; Jardetzky et al., 1991). For example, HLA-B*44 molecules have a stringent
binding motif requiring a Glutamate (E) in position two (P2) and a tyrosine (Y), or
phenylalanine (F) and less often tryptophan (W) at the C-terminus (Luescher et al.,
1996). Although many highly immunogenic peptides do not contain any typical
MHC binding motif (E. Grant et al.,, 2013; Wu et al., 2011), peptide prediction
through stringent binding motif enables time-saving identification of minimal

antigenic peptides recognised by CD8* T cells (Rammensee et al., 1999).
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Peptides

a P1 P2 P3 P4 P5 P6 P7 P8 P9
WS S L L VP F @&

HLA-A*0201|/ L 'L F G V P V Y ¥
| 8 K E P V H G B8
TR R P G G K K i§

HAA3—— | I R G S V A H @
LR I R A E A GV
K 8 G G P | Y K &

HLA-A*68014 E VW A P P E Y H R
LA Bl A AV A ARER
TGl G P QP G P B

HAAB7—— | B8 Q C R L T P |8
LP B P | F | R R |8
TR B V K E V V K

HLA-B2Z7— G R | D K P I L K
LR EM | K E | V K I

b

Peptide

Pockets

of an HLA

molecule

Figure 1.5. The interactions of HLA-I molecules and their bound peptides

(a) The upper panel shows some different HLA peptide-binding motifs; the anchor
residues are yellow highlighted. (b) The lower panel displays the peptide-binding
cleft of an HLA-I molecule, the amino acid side chains of the bound peptide from
P1 to P9 are oriented either down into the HLA-I peptide-binding pockets or up.
The six pockets (A to F) distributed along the length of the peptide-binding groove
are also shown. Adapted from (Klein et al., 2000).
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1.9 Antigenic peptide source

CD8* T cells recognise endogenously derived pMHC-I complexes on the surface
of antigen-presenting cells. Interestingly, what are the major source antigens is still
debated. Although most in the field believe peptides from previous functional
proteins, the retirees, are the main source (Admon et al., 2003; Milner et al., 2006;
Yewdell, 2001; Yewdell et al., 1988), some have shown that the main antigenic
peptide sources are defective ribosomal products (DRiPs) (Anton et al., 2014;
Princiotta et al., 2003; Schubert et al., 2000; Yewdell et al., 1996). Retirees are the
matured proteins that no longer function as a result of age-associated or
environmental stress-related damage (Goldberg et al., 1976; Yewdell et al., 2001).
However, up to 30% of newly translated proteins are degraded as DRiPs before
maturation (Yewdell et al., 1996). DRIiPs are nascent peptides or proteins due to
inevitable protein synthesis errors including alternative reading frame (ARF)
translation (D. J. Zanker et al., 2019), ribosomal frameshifting (Bullock et al., 1996),
downstream initiation on mRNA (Bullock et al., 1996), and other errors occurred

during proteins synthesis and folding (Yewdell, 2011).

Epitopes derived from ARF translation have been reported in viruses (Bullock et
al.,, 1996; Cardinaud et al., 2004), cancers (R. F. Wang et al., 1996) and
autoimmune diseases (Saulquin et al., 2002), indicating that CD8* T cells surveil
more comprehensive peptide repertoire than originally thought. Cardinaud et al.
identified a panel of ARF encoded peptides (ARFP) with the gag, pol, and env
genes, such as peptide Q9VF (QPRSDTHVF) derived from Gag-ARFP and
restricted by HLA-B*07:02, recognised by CD8* T cells of HIV-infected patients
(Cardinaud et al., 2004). Additionally, Wang and colleagues reported a novel
human cancer antigenic peptide, MSLQRQFLR, derived from ARF translation of
the gp75 gene (tyrosinase-related protein 1, also called gp75), which was
recognised by melanoma-specific CD8* T cells (TIL586) (R. F. Wang et al., 1996).
Epitopes encoded by ARFs reveal a novel mechanism for generating virus and
cancer antigens, therefore, such responses should be taken into consideration in

future vaccine design.
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In the past, linear peptides were by far the most demonstrated source for CD8* T
cell immune surveillance. Interestingly, it has become clear that CD8* T cells can
also recognise peptide derived from protein splicing events (Hanada et al., 2004;
Mannering et al., 2018; Vigneron et al., 2004). Moreover, a recent study argued
that about one-third of the entire HLA-I immunopeptidome are likely composed of
proteasome-generated spliced peptides (Liepe et al., 2016). However, it is not yet
clear whether such spliced peptide mostly originates from “retired” functional
proteins or DRiPs. Hence, the antigen peptide sources remain an interesting area

for future investigation.
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1.20 Peptide forms: linear, spliced and post-

translationally modified

1.20.1 CD8"* T cells recognise linear peptides

CD8* T cells recognise linear epitopes presented by HLA-I molecules on antigen-
presenting cells. Synthetic peptides and phage peptide display libraries have been
successfully used to discover many linear epitopes (Koivunen et al., 1999). For
example, in 1986, the first human CD8* T cell epitope NPa33s-349 restricted to HLA-
B*37 was identified using short synthetic peptides (Townsend et al., 1986).
Subsequently, Gotch et al. identified the second CD8* T cell epitope M1ss-66 from
IAV M1 restricted to HLA-A*02 also using synthetic peptides (Gotch et al., 1987).
Additionally, two recent studies using a systematic approach identified the most
immunodominant IAV-specific CD8" T cell responses in health individuals either
express or not express HLA-A*02:01 (E. Grant et al., 2013; Wu et al., 2011). This
approach allowed for the isolation of immunodominant peptides to a single virus in

people with vastly different HLA combinations.
1.20.2 CD8* T cells recognise spliced peptides

For a very long time, peptides recognised by CD8* T cells were believed to
correspond exclusively to linear fragments of proteins. However, this notion was
challenged by the observations in which CD8* T cells responded to peptides
composed of two fragments originally distant in the parental protein (reviewed in
(Mannering et al., 2018; Vigneron et al., 2018)). In 2004, Hanada et al. described
the first CD8* T cell clone (C2) that recognised the fibroblast growth factor 5 (FGF-
5) derived 9mer peptide generated by two non-contiguous segments of the
parental protein. This 9mer peptide (NTYAS-PRFK) is formed by two determinant-
forming fragments NTYAS and PRFK, which required the excision (splicing) of 40
amino acids in between (Hanada et al., 2004). Later, Vigneron et al. reported that
a CD8*" T cell clone (CTL 14) recognised a nonameric peptide derived from
melanocytic glycoprotein gpl00PMELY” presented by HLA-A*32. This peptide
RTKQLYPEW was generated from a 13mer gpl10040-52 RTKAWNRQLYPEW by
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removing four amino acids AWNR within the proteasome (gp10043-46) (Vigneron et
al., 2004). Interestingly, Warren et al. demonstrated that a CD8* T cell clone (DRN-
7) recognised an HLA-A*03:01 restricted minor histocompatibility (H) antigen
derived peptide SLPRGTSTPK from the SP110 protein by ligating two spliced
peptide fragments in reverse order (Warren et al., 2006). Theoretically, peptide
splicing could involve any proteasome-degraded fragment of any protein in a cell.
However, the so far identified spliced peptides are limited to peptides of the same
proteins (Michaux et al., 2014; Vigneron et al., 2004; Warren et al., 2006). Recently,
Liepe et al. developed a custom peptide database and detected that the
proteasome-generated spliced peptide pool could potentially represent about one-
third of the diversity of the entire HLA-I ligands and one-fourth of the abundance of
total HLA-I peptidomes (Liepe et al., 2016). Although two spliced peptides were
recognised by CD8* T cells isolated from Listeria infected mice (Platteel et al.,
2017), so far, no 1AV-derived spliced peptide has been identified. Hence, it would

be fascinating to see such observations holding true during Influenza virus infection.

1.20.3 CD8* T cells recognize post-translationally modified

peptides

Common post-translational modifications (PTMs) are including glycosylation,
phosphorylation, disulphide isomerisation, methylation etc. (Petersen et al., 2009).
Both B cells and T cells were found to recognise PTMs derived epitopes,
demonstrating that PTMs alter peptide repertoire and enhance the diversity of
naturally presented peptide epitopes (Engelhard et al., 2006). PTM epitopes have
been shown to be associated with infectious disease, autoimmunity and cancer
(Anderton, 2004; Doyle et al., 2001). For example, sulfhydryl modification of
cysteine residues significantly affected the immunogenicity and antigenicity of
cysteine-containing peptides NPzg47 and NP2is226 (W. Chen et al., 1999).
Additionally, Mamula et al. described that T cells from mice immunized with the
isoaspartyl form of snRNP D peptide derived from human systemic lupus
erythematosus (SLE) triggered robust B and T cell responses, however, no

immune response was detected when immunization of mice with the aspartyl form
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of the same peptide (Mamula et al., 1999). Collectively, PTMs lead to the change
of peptide repertoire and antigenicity of the unmodified peptides.
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1.21 Aims of this thesis

Establishing antigen-specific CD8" T cell lines or clones in vitro has become
increasingly important to better understand T cell biology and to conduct T cell-
based immunotherapy. However, successfully establishing such T cell cultures is
largely an empirical and lab-based experience. The main struggle of culturing such
T cell is the result of inadequate antigen-specific T cell precursors and
overwhelming nonspecific T cell expansion during the early culture stage. Although
in most of the cases some antigen-specific T cells are detected, these T cells
eventually vanish during repeated antigen re-stimulation. Even though there are
several CD8* T cell culture methods published previously (Jackson et al., 2004; D.
Zanker et al., 2013), it is still hard to find any robust CD8* T cell enrichment

methods, especially for enriching antigen-specific T cells with a minimal number.

Prior to this study, our group has developed a systematic approach for identifying
immunodominant CD8* and CD4* T cell response to IAV in healthy individuals (L.
Chen et al., 2014; Wu et al., 2011). Using this approach, it is possible to discover
many IAV immunodominant T cell epitopes efficiently, including those without any
typical HLA-binding motif. Our lab have also reported broad-based CD4* T cell
responses to IAV in a healthy donor without typical immunodominance hierarchy
(L. Chen et al., 2017). | then invesigated whether such broad-based IAV-specific
CD8* T cell responses could also be observed in some individuals for their 1AV-
specific CD8" T cells? Hence, the specific goal of this study was to characterise
novel CD8* T cell responses to IAV in a donor with broad-based IAV-specific CD8*

T cell responses.

To achieve the above-mentioned goal, | have the following specific aims:

1.21.1 Establishing optimal CD8" T cell enrichment method
(Chapter 3)

In anticipating relatively small CD8* T cell responses in individuals with broad-
based IAV-specific responses, | wanted to develop a method to enrich antigen

specific CD8* T cells based on the phenomenon that activated CD8* T cells would
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downregulate their TCR/CD3 complex and its co-receptor CD8. First, the kinetics
and best antigen stimulation strength were optimised to induce the most suitable
CD3 and CD8 downregulation after CD8* T cell activation. Second, the sensitivity
of this method was assessed using low percentage antigen-specific T cell cultures.
Third, a T cell cloning assay was conducted to evaluate the sorted CD3'°"CD8'*" T
cells for their expansion capacity. Fourth, the method was used to enrich multiple
small IAV-specific CD8* T cell populations simultaneously from a polyclonal CD8*
T cell culture. Last, CD8* T cells with less dramatic CD3 and CD8 downregulation

were also enriched by this method.

1.21.2 Ildentification of novel IAV-specific CD8" T cell epitopes
from a healthy donor with broad-based CD8" T cell responses
(Chapter 4)

First of all, according to the investigation conducted in our laboratory in the past
ten years, a healthy donor with potentially broad-based CD8* T cell response to
IAV is selected and confirmed by a polyclonal CD8* T cell culture. Second, the
small IAV-specific T cell populations will be enriched using the method developed
in Chapter 3, and antigenic proteins and their specific antigenic epitopes and HLA
restrictions will be delineated. Next, bioinformatics analysis is performed to reveal
the conservancy of the novel epitopes sequences among the IAV strains circulated
in Australia in the past 25 years. Finally, quantitatively antigen presentation
assessments will be conducted for these novel epitopes to better understand the

underlying mechanism of such an immune response.

1.21.3 Exploring the CD8"* T cell responses to epitopes encoded
by alternative reading frame (Chapter 5)

In Chapter 4, | observed that some IAV-specific CD8" T cells failed to recognise
any of the NP or NS1 18mer overlapping peptides, although capable of recognising
the APCs infected by rVV-NP and rVV-NS1, respectively. These results indicate
that these CD8* T cells might respond to DRIP peptides encoded by ARFs, spliced

peptides or peptides with post-translational modification. | aim to confirm the above
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observation and unveil the mechanisms. Firstly, the predicted ARF peptides were
then be screened as potential epitopes by incubating with NP and NS1-specific
CD8* T cells and looking for reactivity. Next, if the outcome of the above-proposed
screen is positive, minimal ARF epitopes will be confirmed using end-truncated and
end-extended peptide sets; if the outcome is negative, peptide-extraction and
HPLC fractionation will be employed to isolate the right antigenic peptides by Mass
Spectrometry. Finally, confirming the positive peptide response through newly
synthesised peptides. If both approaches fail to identify the novel CD8* T cell

epitopes, | will turn to spliced epitope or epitope post-translational modification.
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Chapter 2. Materials and methods
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2.1 Materials

2.1.1 Cell lines

2.1.1.1 Peripheral Blood Mononuclear Cells (PBMCs):

Buffy coats from healthy blood donors were obtained from the Australian Red
Cross under the agreement of 12-07VIC-17. PBMCs were isolated by Ficoll-
Hypaque gradient and stored in liquid nitrogen for future use. HLA typing was
performed by the Victorian Transplantation and Immunogenetics Service (VTIS,
Melbourne, VIC, Australia). The healthy donor's PBMC sample used in this thesis
(Chapter 4) is named as A>20091201.

2.1.1.2 Antigen Presenting Cells (APCs)

Autologous B lymphocyte cell lines (BLCLs) were established from donor PBMCs
via standard EBV transformation as formerly described (Wu et al., 2011). The other
BLCLs were made available from the VTIS and Dr. Nicole Mifsud (Monash
University, Melbourne, VIC, Australia). The HLA-A, -B and -C alleles were typed
through PCR by VTIS.

Table 2.1. Cell lines

Cell Description Cult_ure
medium
Autologous BLCLs were made from donor PBMCs via a

Autologous standard EBV transforma.tion. _ .

BLOLS Autologous BLCL used in this study expressing HLA-| RF-10
A*24:02, HLA-A*33:.03, HLA-B*44:03, HLA-B*46:01,
HLA-Cw*01:02, HLA-Cw*07:01

C1R-B*44:03 | C1R cell line expressing HLA-B*44:03 RF-10

C1R-A*33:03 | C1R cell line expressing HLA-A*33:03 RF-10
BLCL expressing HLA-A*24.02, HLA-B*14:02, HLA-

9002 Cw*02:02, HLA-Cw*06:02 RF-10

9004 BLCL gxpressing HLA-A*02:01, HLA-B*27:05, HLA- RE-10
Cw*01:02

9022 BLCL gxpressing HLA-A*01:01, HLA-B*08:01, HLA- RE-10
Cw*07:01
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2.1.2 Viruses

The Mount Sinai strain of PR8 (A/Puerto Rico/8/1934 H1N1) was prepared as
previously described (Wu et al., 2011), then aliquoted and stored at -80°C until use.
Recombinant vaccinia viruses (rVVs) encoding individual IAV proteins (all of the
PR8 strain origin) were kind gifts from Drs. Jonathan Yewdell and Jack Bennink
(NIH, Bethesda, MD, USA). rVVs were propagated in TK" cell line and were stored
at -80°C until use.

Table 2.2. Viruses

Virus Description
PR8 Influenza A virus (A/Puerto Rico/8/1934(H1N1)).
rvV-CR19 | rVV vector
rvV-HA rVV encoding the haemagglutinin (HA) protein from IAV.
rvVV-NA rVV encoding the neuraminidase (NA) protein from IAV.
rvv-mM1 rVV encoding the matrix 1 (M1) protein from IAV.
rvv-mM2 rVV encoding the matrix 2 (M2) protein from IAV.

rvV-NS1 rVV encoding the non-structural 1 (NS1) protein from I1AV.

rvV-NS2 rVV encoding the non-structural 2 (NS2) protein from IAV.

rvV-NP rVV encoding the nucleoprotein (NP) protein from IAV.

rvV-PB1 rVV encoding the basic polymerase 1 (PB1) protein from IAV.

rvvV-PB2 rVV encoding the basic polymerase 2 (PB2) protein from IAV.

AVV-PB1E2 ;;(/)\r/nel'r&c\:?dlng the +1 open reading frame PB1 (PB1F2) protein

rvV-PA rVV encoding the acidic polymerase (PA) protein from IAV.

rVV-1/3 NP | rVV encoding the 1/3 length (NP 1-168) of NP protein from IAV.

rvV-2/3 NP | rVV encoding the 2/3 length (NP 147-315) of NP protein from IAV.

rvVV-3/3 NP | rVV encoding the 3/3 length (NP 298-496) of NP protein from IAV.

37



Chapter 2

2.1.3 Synthetic peptides

All the peptides were synthesised by Mimotopes (Clayton, VIC, Australia),
dissolved in Dimethyl Sulfoxide (DMSO) and stored in -20°C until use. M1, M2, NP,
NS1, PB1, PB2, NA, HA and PA overlapping 18mer peptides were synthesised as

pin peptides with six amino acid shifts.

Table 2.3. 18mer overlapping peptides

18mer overlapping peptides Description

NP 18mer peptides IAV-NP overlapping 18mer peptides
NA 18mer peptides IAV-NA overlapping 18mer peptides
NS1 18mer peptides IAV-NS1 overlapping 18mer peptides
HA 18mer peptides IAV-HA overlapping 18mer peptides
PB1 18mer peptides IAV-PB1 overlapping 18mer peptides
PB2 18mer peptides IAV-PB2 overlapping 18mer peptides
PA 18mer peptides IAV-PA overlapping 18mer peptides
M1 18mer peptides IAV-M1 overlapping 18mer peptides
M2 18mer peptides IAV-M2 overlapping 18mer peptides
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Table 2.4. Short peptides

Peptide Sequence

M1 58-66 GILGEFVFTL
NP 172-181 LPRRSGAAGA
NP 44-52 CTELKLSDY
M1 124-134 LASCMGLIYNR
M1 125-134 ASCMGLIYNR
M1 124-133 LASCMGLIYN
M2 7-15 VETPIRNEW
M2 8-15 ETPIRNEW

M2 7-14 VETPIRNE

NA 337-346 RYGNGVWIGR
NA 338-346 YGNGVWIGR
NA 337-345 RYGNGVWIG
NA 337-347 RYGNGVWIGRT
NA 336-346 YRYGNGVWIGR
NP 319-330 NENPAHKSQLVW
NP 320-330 ENPAHKSQLVW
NP 319-329 NENPAHKSQLV
HA 445-453 LENERTLDF
HA 446-453 ENERTLDF

HA 445-452 LENERTLD
PB2 39-49 QEKNPALRMKW
PB2 40-49 EKNPALRMKW
PB2 39-48 QEKNPALRMK
PB1 498-509 RYGFVANFSMEL
PB1 499-509 YGFVANFSMEL
PB1 498-508 RYGFVANFSME
NP-ARF 14-24 QELLMKECATF
NP-ARF 19-29 KECATFSKGNF
NP-ARF 17-24 KEKYPCFY
NP-ARF 3-12 KEGTIGLAAF
NP-ARF 40-51 AESTILSIVKLF
NP-ARF 32-41 DEFSHPLSVY
NS1-ARF 8-16 AESGRPSLY
Melan A 26—-35 EAAGIGILTV
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2.1.4 Antibodies

Table 2.5. Antibodies

Antibody-(conjugate) Clone Supplier
anti-human CD3-e450 | UCHT1 eBioscience, USA
anti-human CD3-FITC | UCHT1 Invitrogen, USA
anti-human CD4-PE RPA-T4 eBioscience, USA
anti-human CD8-APC | RPA-T8 BD biosciences, USA
anti-human IFN-y 4S. B3 Invitrogen, USA

2.1.5 Media and solutions

RFE-10 medium: RPMI-1640 supplemented with 10% FCS, 50uM 2-
Mercaptoethanol (2-ME), 2mM L-glutamine and antibodies (penicillin 100U/mL and

streptomycin 100pg/mL).

T cell culture medium: RF-10 medium supplemented with Sodium Pyruvate (1x),

Non-essential amino acid (1x) and 20 IU/mL or 40 IU/mL human recombinant
interleukin 2 (hrIL-2). Unless otherwise specified, in this thesis, T cell culture
medium containing 201U/mL hrlL-2 was used for culturing all the primary CD8* T
cells, while the hrlL-2 concentration was increased to 401U/mL for culturing all the

restimulated CD8* T cell lines.

Acidic medium: RPMI-1640 supplemented with 1M Hydrochloric acid (HCL), pH
adjusted to 6.8.

0.1% TFA/H20: 0.1% trifluoroacetic acid (TFA) in H20.

10mg/mL BFA: 10mg Brefeldin A (BFA) in Methanol.

0.2% Saponin: 0.2% saponin in PBS.

1% PHA: 1% Phytohemagglutinin (PHA) in PBS.

0.1% BSA/PBS: 0.1% bovine serum albumin (BSA) in PBS.

Sorting buffer: 5% FCS and 0.5uM EDTA in PBS.
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2.1.6 Equipment, reagents, and materials

Table 2.6. Equipment and Reagents

Reagent

Distributor

1100 RP-HPLC

Agilent, USA

2-Mercaptoethanol

Gibco, Australia

Brefeldin A

Sigma-Aldrich, USA

Dimethyl sulphoxide (DMSO)

Sigma-Aldrich, USA

FACSArialll flow cytometer

BD Biosciences

FACSCanto Il flow cytometer

BD Biosciences

Fetal Calf Serum (FCS)

Hyclone, South Logan, Utah

GlutaMax™ -1 (L-Glutamine 100x)

Gibco, USA

Lymphoprep™ (Ficoll-Paque)

Stemcell™, Canada

Paraformaldehyde 16% solution

Electron Microscopy Sciences,
USA

Pen/Strep (Penicillin, Streptomycin 100x)

Gibco, USA

Pipette tips filtered

Stemcell™, Canada

Pipette tips unfiltered

Stemcell™, Canada

Polymyxin B sulphate

Lonza, Switzerland

Recombinant human IL-2

Peprotech, USA

RPMI-1640 Gibco, USA
Saponin Sigma-Aldrich, USA
Tissue culture flasks T25 ml Corning, USA
Tissue culture flasks T75 ml Corning, USA
Tissue culture flasks T175 ml Corning, USA
Tissue culture plates (6 wells-flat bottom) Corning, USA
Tissue culture plates (12 wells-flat bottom) | Corning, USA
Tissue culture plates (24 wells-flat bottom) | Corning, USA
Tissue culture plates (48 wells-flat bottom) | Corning, USA
Tissue culture plates (96 wells-flat bottom) | Corning, USA
Tissue culture plates (96 wells-U bottom) Corning, USA
Tris(2-Carboxyethyl)-Phosphine (TCEP) Pierce, USA

Trypan Blue Sigma-Aldrich, USA
10ml tube Sarstedt, Germany
15ml tube Greiner, Austria
50ml tube Greiner, Austria
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2.2 General Methods

2.2.1 Cell culture

Unless otherwise stated, all the cell lines were maintained in the RF-10 medium.
Cells were passaged and the culture medium was changed according to the culture
medium’s colour (suspension cells) or when cells became around 80% confluence
(adherent cells). Cells were used for experiments during the exponential growth

phase.

2.2.2 Cell counting

Cell numbers were counted by Trypan Blue staining. In brief, cell suspensions were
diluted 1:1 with Trypan Blue and well mixed, then counted using an inverted light

microscope and a haemocytometer.

2.2.3 APCs infections

2.2.3.1 1AV infection

APCs were counted and washed with 10mL acidic medium twice. Cell pellets were
resuspended in 200uL of acidic medium containing PR8 virus at 10 plaque-forming
units (PFU) per cell. Cells were then incubated in a 37°C water-bath for 1 hour and
were gently shaken every 15 minutes. After the first hour incubation, cells were
then topped up with 2mL fresh RF-10 and transferred to a 37°C CO:2 incubator for

another 4-hour incubation.

Virus calculation example:

When 1x10° cells are infected at multiplicities of infection (MOI) of 10, 1x10’ PFU
of IAV is used. As PR8 (AF44 batch) has a titre of 7.07x108 PFU/mL, therefore
1x107 + 7.07x108 = 14pL is required. Thus, 14yL virus with 86uL PBS and 100uL
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acidic medium were added to a 10mL tube. Unless otherwise notified, APCs were
infected at MOI of 10 in this thesis.

2.2.3.2 rVV infection

APCs were washed with 0.1% BSA/PBS twice then re-suspended in the same
buffer and infected with rVV encoding individual 1AV proteins at MOI of 10. Cells
were then incubated in a 37°C water-bath for 1 hour and were gently vortexed
every 15 minutes. After the first hour infection, cells were topped up with 2mL fresh
RF-10 and incubated in a 37°C COz2 incubator for further 16 hours.

2.3 Specialised techniques

2.3.1 Primary antigen-specific CD8" T cell culture

For establishing primary antigen-specific CD8* T cell lines, 1x10® PBMCs were
resuspended in 200pL acidic medium and infected with PR8 at an MOI of 10 for 1
hour in a 37°C water-bath. After 1 hour infection, 2mL of RF-10 was added to cells
and incubated for another 4 hours in a 37°C CO: incubator. The infected PBMCs
served as APCs and subsequently co-cultured with 9x108 PMBCs (responders) for
two weeks in T cell culture medium contains 201U/mL of hriL-2.

2.3.2 Antigen-specific CD8" T cells re-stimulation

2.3.2.1 CD8* T cell re-stimulation by IAV infected APCs

BLCLs were infected with PR8 overnight (16 hours). The infected BLCLs were then
irradiated for 100 Grey before being used as stimulators and co-cultured with T

cells (as responders) in T cell culture medium contains 401U/mL hrlL-2. The ratio

of T cell and APCs is generally 10:1.
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2.3.2.2 CD8* T cell re-stimulation by peptide-pulsed APCs

BLCLs were resuspended in 200uL RF-10 and pulsed with 10-’M peptides for 1
hour in a 37°C water-bath. The peptide-pulsed BLCLs were then irradiated for 100
Grey before co-cultured with the responder T cells in T cell culture medium contains
40IU/mL IL-2. Again, the ratio of T cell and APCs is 10:1.

2.3.3 Systemic approach for identifying novel IAV epitopes

For identifying immunodominant CD8* T cell responses during IAV infection, our
laboratory had created a detailed systematic experimental approach (Wu et al.,
2011). A similar approach has been used in this thesis to discover a broad-based
CD8* T cell response to IAV. The procedure of the systemic approach was also

well described in Figure 4.1 of Chapter 4.

2.3.3.1 rVV infection for identifying protein-specific CD8" T cells

The primary polyclonal IAV-specific CD8* T cell culture was established according
to section 2.3.1. APCs were infected with a panel of individual IAV protein encoding
rvVs (rVV-HA, rVV-NA, rVV-NP, rVV-NS1, rVV-NS2, rVV-M1, rVV-M2, rVV-PB1,
rvV-PB2, rVV-PB1F2, rVV-PA) and empty vector rVV-CR19. For identifying the
specific antigenic protein, IAV-specific CD8* T cells were tested with the above rvVv
infected APCs.

2.3.3.2 Identification of novel IAV-specific CD8* T cell epitopes by 18mer
peptide mapping

Once the specific antigenic proteins were identified, polyclonal CD8* T cells were
directly used to determine the particular peptide regions by screening a whole set
of synthetic IAV-protein derived 18mer overlapping peptides with six amino acid
shifts.
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2.3.3.3 Identification of minimal epitope within the 18mer peptide’s region

After identifying the specific 18mer antigenic regions, CD8* T cells were used to
work out the HLA restriction. They were also used to screen either overlapping
13mer peptides (with two amino acid shifts) or the predicted minimal epitope
sequences based on peptide-binding motifs and their restricting HLAS.

2.3.3.4 HLA restriction assay

BLCLs with partial donor HLA match were pulsed with 10-°M of relevant peptides
for 1 hour at room temperature. Later, cells were extensively washed to remove
free peptides and used as APCs in a co-culture with antigen-specific CD8* T cells
for 4 hours in the presence of 10pL/mL BFA. HLA-restriction was assessed by ICS

for production of IFN-y.

2.3.4 CD8" T cell enrichment

2.3.4.1 Antigen-specific CD8" T cell enrichment via CD3CD8 downregulation

sorting

The details of CD3CD8 downregulation guided sorting were described in Chapter
3 (Huang et al., 2019). In short, APCs were pulsed with 10~’M peptides for 1 hour
then incubated with the antigen-specific CD8* T cells for 4 hours in the presence
of 10uL/mL BFA. For cysteine-containing peptides, APCs were pulsed with
peptides in the presence of 500uM Tris(2-Carboxyethyl)-Phosphine (TCEP) before
being incubated with antigen-specific CD8* T cells. Additionally, the same T cells
incubated with the same cells without peptide pulsing were used as a negative
control to guide CD3'°“CD8'°¥ population gating. After 4 hour incubation, the cells
were stained with anti-CD3 (e450) and anti-CD8 (APC) for 30 minutes at 4 °C;
washed and resuspended in FACS sorting buffer and sorted for CD3°“CD8g'ow
(downregulated) population on a FACS Aria lll.
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2.3.4.2 CD8" T cell re-stimulation after CD3CD8 downregulation sorting

enrichment

Low purity CD8* T cells were enriched via CD3CD8 downregulation guided sorting
and maintained in the T cell culture medium for about two weeks. T cell re-
stimulation was generally performed on day 16 after the previous stimulation
(sorting) or when cells had reduced in size and stop further proliferation. Re-
stimulation of such T cell lines is as described in section 2.3.2. In a nutshell, BLCLs
were infected with PR8 or pulsed with the specific peptides, then irradiated for 100
Grey before being used to stimulate their specific CD8* T cell lines.

2.3.5 HPLC fractionation of synthetic peptides

10uL synthetic peptide was diluted into 190uL 0.1% TFA/H20, well mixed, then
injected into HPLC sampler and ran for 60 minutes (detail shown in table 2.7).
HPLC fractions were collected into 96 well format cluster tube plates every 0.1
minutes between 10 and 39 minutes. 5uL collected fractions were pulsed onto
APCs for 1 hour at room temperature in serum-free medium to avoid peptide
degradation. Antigen-specific CD8* T cells were then used to screen the fraction-

pulsed APCs via a standard ICS, and data were analysed by flow cytometry.

Table 2.7. HPLC fractionation

C Delta Pak 5um, C18 (150 x 3.9mm, Waters) with guard
olumn
column
Mobile phase Gradient: Solution A, 0.1% TFA in H20 (99.9%)
Solution B, 0.1% TFA in Acetonitrile (99.9%)
Flow rate 0.5mL/minute
Detector/wavelength | UV (210nm)
Injection volume 200 pL
Run time 60 minutes
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2.4 Experimental assays

2.4.1 Flow cytometric and CytoFlex analysis

In most cases, flow cytometry antibody staining for extracellular markers was
performed using approximately 1.2~2 x 10° cells in a U-bottom 96 well plate. Cells
were pelleted by centrifugation (1500rpm, 5 minutes) and washed with PBS before
being stained with antibodies for 30 minutes at 4°C in the dark. Cells were washed
with PBS after each step, resuspended in 100-200uL PBS and finally analysed by

flow cytometry.
2.4.2 Cell sorting

Monoclonal antibody (mAb) staining for cell surface markers was generally
conducted using 2~3 x 10° cells in a 5mL sorting tube following the procedure
described in section 2.4.1. After the final centrifugation, cells were filtered through
0.2uM filter and resuspended with sorting buffer at 5 x 108 cells/mL. The different
population of cells were sorted on a FACS Aria lll. The cells of interest were sorted
either into tubes or plates on ice. After sorting, cells were pelleted and resuspended

in RF-10 or T cell culture medium.
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2.4.3 Intracellular cytokine staining (ICS)

ICS is a method based on flow cytometry to detect the intracellular cytokines
(Figure 2.1) (Zelnickova et al., 2007). In this assay, Brefeldin A (BFA) is used to
block secretory and membrane-bound proteins from leaving the ER (Doms et al.,
1989). The details of interferon-gamma (IFN-y) ICS was described previously (D.
Zanker et al., 2013). In brief, antigen-specific CD8* T cells were stimulated with
PR8/rVV-infected or peptide-pulsed APCs in a U-bottom 96-well plate in the
presence of 10pug/mL BFA for 4 hours. During the 4 hours incubation, antigen-
specific T cells were activated and the activation-induced cytokine IFN-y production
were then accumulated in the ER. Samples were subsequently harvested and
stained for surface markers with anti-CD3 (e450), anti-CD8 (APC) for 30 minutes
at 4°C, then fixed with 1% Paraformaldehyde (PFA) for 20 minutes at room
temperature. Finally, cells were permeabilised with 0.2% Saponin and
intracellularly stained with anti-IFN-y mAb (PE-cy7) overnight at 4°C. Samples were
finally washed with PBS and re-suspended in a FACS tube and analysed on a BD
FACS Canto Il machine. All the FACS data were analysed by FlowJo software
(Tree Star Inc, Ashland, USA).
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Intracellular Cytokine Staining (ICS)
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Figure 2.1. A brief overview of ICS procedure

Antigen-specific CD8* T cells and APCs were incubated in a U-bottom 96-well plate
in the presence of 10ug/mL BFA for 4 hours, followed by cell surface marker then
intracellular cytokine staining. Samples were acquired on a BD FACS canto Il

machine and data were analysed by FlowJo software.
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2.4.4 Peptide titration analysis

To quantitatively assess the avidity of antigen-specific CD8* T cells, cognate
peptide titration analysis was performed in this study. The working peptide
concentration of 10°3M was serially diluted to 10°M, 10-°M, 10-'M, 10 M, 10°M in
RF-10 medium. APCs were firstly pulsed with the diluted peptides and washed
before being mixed with antigen-specific CD8" T cells in the presence of 10ug/mL
BFA. APCs and T cells were incubated for 4 hours and analysed via a standard

ICS for IFN-y production.

2.4.5 Antigen presentation kinetics analysis

Antigen presentation kinetics assay, also known as BFA kinetics assay, is a highly
sensitive assay based on ICS for IFN-y production. It quantitatively evaluates the
pPMHC-I presentation to antigen-specific CD8" T cells (Pang et al., 2006). In this
assay, further antigen presentation from virus-infected APCs was stopped by BFA
addition. Therefore, T cell activation dependents on the already presented surface
pMHC-I at the time of BFA addition.

Briefly, autologous BLCLs were initially infected with rVV-NP, rVV-NS1, rVV-PB1,
rvV-PB2, rVV-M1, rVV-M1, rVV-M2, rVV-PA, or rVV-CR19 (empty vector) for 1
hour. The antigen presentation by the infected BLCLs was then blocked by the
addition of BFA at various time points (Oh, 0.5h, 1h, 2h, 4h, 6h, 8h) after the initial
1-hour infection. The antigen-specific CD8* T cells were added and incubated with
the infected APCs to evaluate the antigen-presentation at that particular time point.
Following addition of T cells and BFA, cells were incubated at 37°C for a further 4
hours, after the 4-hour incubation, each time point sample was harvested into a
0.6mL Eppendorf tube and stored at 4°C to synchronize ICS analysis. Samples

were analysed on a BD FACS Canto Il machine and FlowJo software.
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2.4.6 TCEP reduction of cysteine disulfide modification

Cysteine-containing peptides could either form dimer peptides through a disulfide
bond between the two peptides or form cysteinylated peptide in the culture medium
containing free cysteine (W. Chen et al., 1999). Therefore, cysteine-containing
peptides were treated with 500uM TCEP in cysteine free DMEM for 1 hour at room
temperature before use to reduce dimmer peptides. Alternatively, APCs and T cells
were incubated in the presence of 500uM TCEP in the experimental system to both

reduce dimmer peptides and prevent cysteinylation.
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Chapter 3: Establishing a robust human antigen-
specific CD8" T cells enrichment method based on

activation-induced CD3CDS8 downregulation
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3.1 Preface

CD8" T cells play vital roles in the elimination of viruses and tumours. Cultured
CD8* T cells in vitro have been employed as an essential tool for understanding T
cell biology and have also been used for immunotherapy. However, establishing
CD8" T cell lines or clones remains a challenge in many laboratories, especially
for expanding rare antigen-specific CD8* T cells. The major obstacle in creating
such T cell cultures is that limited antigen-specific CD8* T cell precursors are
usually overwhelmed by nonspecific cell expansion in the early culture stage.
Hence, the key factor for solving this problem is to isolate or enrich the antigen-
specific CD8* T cell as early as possible to avoid being overgrown by irrelevant T
cell populations. In this chapter, | describe a novel FACS-based sorting method for
enriching antigen-specific CD8* T cells based on activation-induced T cell receptor
(CD3 complex) and its co-receptor (CD8) downregulation. This method enables
the enrichment of single specificity or multiple specificity CD8* T cell populations
simultaneously. The specific details of this approach are described

comprehensively in this chapter.

Following is my manuscript: Huang, M.; Zhang, J.; Chen, W. FACS isolation of
low percentage human antigen-specific CD8* T cells based on activation-induced
CD3 and CD8 downregulation. Journal of Immunological Methods. 472 (2019)
35-43

Supplemental information can be located online at
doi.org/10.1016/}.jim.2019.06.013
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ARTICLE INFO ABSTRACT

Keywords: As T cell activation leads to downregulation of T cell receptor (TCR) and coreceptor CD8, we developed a novel
CDB™ T cell FACS-based sorting method to enrich activated antigen-specific CD8¥ T cells. Using multiple established or low
CD3 and CD8 downregulation percentage T cell cultures, with either single antigen specificity or multiple influenza A virus antigen specifi-

cities, we have optimized the sorting method for T cell activation time and stimulating antigen dose. We have
also sorted various numbers of antigen-specific CD8™ T cells into 96-well plates to demonstrate these T cells are

capable of expanding into nearly pure (D8 T cell lines. Our approach has the ad ge of sorting

specific T cells without knowing their specific antigenic epitopes or restricting HLA. We believe this method can
be very helpful for successfully establishing CD8* T cell lines for various purpose, induding immunotherapy.

1. Introduction

CD8" cytotoxic T lymphocytes (CTLs) play key roles in viral
clearance and tumor surveillance. CD8* T cells recognize specific
peptide-MHC class | complexes (pMHC-I) on the surface of antigen
presenting cells (APCs) with T cell receptors (TCRs). The TCR-CD3 is a
multi-subunit cell surface protein complex composed of an antigen-
binding TCR disulfide-linked aff heterodimer and CD3 complex (Davis
and Bjorkman, 1988; Wegener et al., 1992; Krogsgaard et al., 2005); the
CD3 complex is formed by CD38e and CD3ve heterodimers, and CD3LL
homodimers (Clevers et al., 1988; Smith-Garvin et al., 2009). Unlike the
TCR aff chains, CD3 components possess large intracytoplasmic do-
mains responsible for coupling antigen recognition to various signal
transduction pathways (Wegener et al., 1992). CD3y, 8 and & each
possesses an intracellular immunoreceptor tyrosine-based activation
motifs (ITAM), while CD3. possesses three ITAMs in a tandem ar-
rangement. Phosphorylation of these ITAMs leads to signal transduction
and ultimately T cell activation (Kane et al., 2000; Kuhns and Davis,
2012). It has been demonstrated that CD3-y phosphorylation mediates
the downregulation of TCR/CD3 complex after T cell activation
(Cantrell et al., 1985; Krangel, 1987; Valitutti et al., 1995).

CDS§ is known as the coreceptor on cytotoxic T cells. It is a trans-
membrane glycoprotein which facilitates and amplifies pMHC-I trig-
gered T cell activation (Bierer et al.,, 1989; Janeway, 1992; Gao and
Jakobsen, 2000; Holler and Kranz, 2003). It binds to the a3 domain of
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the MHC that the TCR interacts with for optimal signal transduction
during T cell activation (Salter et al., 1990; Janeway Jr., 1992). When
CD8 molecule is blocked or in absence, such T cell activation is either
blocked or requires longer TCR engagement time (Arcaro et al., 2001).
Most importantly, CD8 engagement enhances and stabilizes the inter-
action of TCR/pMHC-1 with lower affinity (Schott and Ploegh, 2002;
Laugel et al., 2007). Upon activation CD8* T cells not only down-
regulate their TCR (CD3) complexes (Valitutti et al., 1995) but also its
coreceptor CD8 (Xiao et al., 2007).

Establishing CD8* T cell lines or clones in vitro has been an im-
portant technique and has played very important role in understanding
T cell biology and, more recently, T cell-based immunotherapy. For
instance, in vitro propagated CD8* T cells have been used as essential
tools for discovering CD8* T cell epitopes and studying the mechan-
isms of immunodominance hierarchies during virus infection (Wu et al.,
2011; Grant et al., 2013; Clemens et al., 2016) and they have been used
to treat cancer patients in adoptive cell therapy (Rosenberg et al.,
2004). They can also be used to study mechanisms and kinetics of an-
tigen processing and presentation (Pang et al., 2006a). However, suc-
cessfully establishing CD8* T cell cultures is still largely an empirical
and lab-based phenomenon. The major difficulty of such T cell cultures
is that limited antigen-specific CD8* T cell precursors are often over-
whelmed by the nonspecific proliferation of T cells with irrelevant
specificities during early culture stage. It is often the case that although
some antigen-specific T cells are detected in many primary cultures,
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these T cells are eventually lost during the next round of antigen re-
stimulation. Hence, the key solution for successful in vitro cD8* T cell
expansion is to isolate or enrich these antigen-specific CD8* T cells as
early as possible to avoid being over grown by irrelevant T cell popu-
lations.

Our group evaluated T cell culturing conditions previously in-
cluding culture sera, cytokines and feeder cells and developed a robust
human T cell culture method for monitoring both antigen-specific
CD4* and CD8Y T cells during short-term cultures (Jackson et al.,
2004). We also optimized culture conditions for establishing murine
CD8* T cells (Zanker et al., 2013). In this study, we successfully es-
tablished a method to enrich antigen-specific CD8* T cell during pri-
mary T cell culture stage to dramatically boost antigen-specific T cell
purity and enhance the success rate of CD8* T cell cultures with
minimal knowledge of T cell epitope and its HLA restriction. Our novel
approach is based on the phenomenon that upon activation CD8* T
cells down-regulate their TCR (CD3) complexes and its coreceptor CD8.
Therefore, antigen-specific CD8* T cells can be detected and sorted as a
€D3"“*CD&"" population by fluorescence activated cell sorting (FACS).
These features were utilized by our group to reveal low frequency an-
tigen-specific human CD4* Tregs previously (Ebert et al., 2012). Using
this approach, we successfully enriched human antigen-specific CD8* T
cell populations, sometimes < 1% of total CD8* T cells.

2. Materials and methods
2.1. Human Peripheral Blood Mononuclear cells (PBMCs)

PBMCs of healthy donors used in this study were obtained from
Australian Red Cross Blood Service (ARCBS) in Melbourne under the
agreement 12-07VIC-17. PBMCs were isolated from blood buffy coats
using Ficoll-Hypaque gradient centrifugation, then resuspended in FCS
(Hyclone, South Logan, Utah) containing 10% dimethyl sulfoxide
(DMSO0) and stored in liquid nitrogen untl use.

2.2, Culture medium, synthetic peptides and antibodies

Unless otherwise stated, antigen presenting cells (APCs) were cul-
tured in RF-10 (RPMI 1640 supplemented with 10% FCS (Hyclone),
50 pM 2-ME, 2 mM r-glutamine and antibodies (penicillin 100 U/mL
and streptomycin 100 pg/mL) (all from Gibco, NY, USA)). Peptides used
in this study were synthesized by Mimotopes (Clayton, Victoria,
Australia). Influenza A virus (IAV) peptides Mlsg s (GILGFVFTL),
NP172 181 (LPRRSGAAGA), NP4y s (CTELKLSDY), and a melanoma
peptide Melan A,g 55 (EAAGIGILTV) were synthesized as crude, de-
salted peptides with a purity = 75%. Peptides were reconstituted to a
concentration of 1 mM in DMSO. APC-labelled anti-CD8 was purchased
from BD Biosciences, e450-labelled anti-CD3 was purchased from
eBioscience (San Diego, CA, USA). FITC-labelled anti-CD3 and PE-cy7
labelled anti-IFNy were purchased from Invitrogen (San Diego, CA,
USA).

2.3. Viruses and antigen presenting cell

The influenza A virus strain A/Puerto Rico/8/1934 HIN1 (PRS8) was
propagated in 10 days old embryonated chicken eggs. Two days after
infection, the allantoic fluids were collected, aliquoted and stored at
—80 °C freezer until use. Recombinant vaccinia viruses (rVV) encoding
individual [AV proteins HA, NA, NP, NS1, NS2, M1, M2, PB1, PB2,
PB1F2, PA, and empty vector rVV-CR19 were kind gifts from Drs
Jonathan Yewdell and Jack Bennink (National Instimtes of Health,
Bethesda, MD). Autologous B lymphocyte cell line (BLCL) was made
from donor PBMCs using EBV transformation (Wu et al., 2011) and
cultured in RF-10.
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2.4. Generation of poly-specificity or single peptide-specific CD8* T cell
lines in vitro

For generating poly-specificity CD8* T cell lines, 1 x 10° PBMCs
were resuspended in 200 pL acidic RPMI-1640 (pH adjusted to 6.8) and
infected with PRS8 at a MOI of 10 for 1h in a 37 °C water bath. Later,
2 mL of prewarmed RF-10 was added to the cells and incubated for a
further 4h. Cells were pelleted and subsequently co-cultured with
9 x 10° PBMCs for 12-15days in RF-10 contains 20 [U/mL of human
recombinant interleukin 2 (hril-2) (Peprotech Inc., Rocky Hill, NJ,
USA). For generating peptide-specific CD8* T cell lines, 1 x 10° PBMCs
were resuspended in 200 uL. RF-10 and pulsed with 10~ 7 M peptides for
1hina 37 °C water bath. Next, the peptide pulsed PBMCs were washed
and co-cultured with 9 x 10° PBMCs for 12-15days in RF-10 contains
20 IU/mL of hrlL-2 (Jackson et al., 2004; Wu et al., 2011; Grant et al.,
2013). Unless otherwise stated, CD8* T cells were cultured with RF-10
supplemented with Sodium Pyruvate (1x) and Non-essential amino
acid (1 =) (Gibco, NY, USA).

2.5. Intracellular cytokine staining (ICS) and antigen presentation kinetic
A5S@Y

The [FN-y ICS assay was performed as previously described (Wu
et al., 2011). For antigen presentation kinetic assay, the detailed
method was previously published (Pang et al., 2006b). Briefly, the
antigen-presentation of PR8-infected autologous BLCLs was blocked by
addition of BFA (Sigma-Aldrich, St Louis, USA) at different time points,
peptide-specific CD8* T cells were added for 4 h to assess the antigen-
presentation at that time point; the T cells were then harvested and
synchronized on ice before being stained together in a standard ICS.
Samples were analyzed using BD FACS Canto Il machine (BD Bios-
ciences) and FlowJo software (Tree Star Inc., Ashland, USA).

2.6. Antigen-specific CD8" T cell enrichment by sorting the CD3** CD8"™
population

Autologous BLCLs were pulsed with 10~ 7 M peptides for 1 h then
cocultured with the CD8* T cells in the presence of BFA for 4h. In
addition, same T cells cocultured with un-pulsed BLCLs served as a
negative control and were used to guide cp3"cng' ™ population
gating. In cysteine-containing peptide, for example NP4 s», BLCLs were
pulsed with NP4; s in the presence of 500 pM TCEP (tris(2-carbox-
yethyl)phosphine, Pierce™), washed out excess peptides, then in-
cubated with NP, s,-specific CD8* T cells again in the presence of
500pM TCEP and BFA for 4 h. After 4h activation, the cells were
stained with anti-CD3 (e450) and anti-CD8 (APC) for 30mins at 4 °C;
washed and resuspended in sorting buffer (5% FCS, 0.5puM EDTA in
PBS) and sorted for CD3'¥CD&"" (downregulated) population using a
FACS ARIA III (BD Biosciences).

For T cell cloning, the CD3"““CD8"" population were sorted and
various cell numbers (1 cell/well, 3 cells/well, 10 cells/well, 100 cells/
well, 1000 cells/well, 5000 cells/well, 10,000 cells/well) were directly
deposited into U-bottom 96 wells containing 3 x 10 irradiated allo-
geneic PBMC feeder cells (1:1:1 mixed feeders from 3 different donors'
PBMC) in RF-5 (RPMI-1640 supplemented with 5% pooled human AB
sera, t-glutamine, 2-ME, Non-essential amino acids, Sodium pyruvate,
antibiotics, 300 IU/mL hrlL-2 and 1 pg/mL phytohaemagglutinin (PHA,
Invitrogen, San Diego, USA,) (Potter and Moore, 1975). Sorted cells
were cultured in the central wells of the plate to avoid medium eva-
poration. Only the central 60 wells from each 96-well plate were used
to culture the sorted CD8* T cells. The outer wells of 96 well plates
were filled up with sterile PBS to act as a buffer zone to minimized
medium evaporation over long periods of incubation. Half medium was
replaced with fresh one 24h after sorting to reduce PHA concentration.
The cells were checked every second day and medium changed as re-
quired. Growing wells were first split in 2 x 96-well before being
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Fig. 1. 4-h activation provides optimal CD3CD8 downregulation peptide-specific CD8™ T cell lines.

T cells were activated by Mlsg g5 or NPy75 15 peptide; at different time points (Oh, 0.5h, 1 h, 2h, 4h, 6 h, 8 h, and 16h) the T cell activation-induced CD3CD8
downregulation was assessed by flow cytometry. a) the kinetic of CD3CD8 downregulation in M1sg_ss specific CD8 ™ T cells; b) (D3CD8 downregulation kinetics of
NP5 15 -specific CD8™ T cells. Data shown are representative of two independent experiments.

transferred into 48-well plate when cell numbers reached to about 2
million per well.

3. Results

3.1. CD3 and CD8 are quickly down-regulated on antigen-specific CD8* T
cells after activation

To simplify the method development process, two CD8™* T cell lines
specific to influenza A virus Matrix 1 protein (Mlsg ¢ restricted to
HLA-A*02:01) and Nuclear Protein (NP5, ;4; restricted to HLA-
A*55:01) (Grant et al., 2013) were initially established. We first in-
vestigated the kinetics of TCR and CD8 downregulation. The two CD8*

T cell lines were activated by 10~ ®M peptide-pulsed APC and their
activation-induced TCR and CD8 downregulation, at various time
points (Oh, 0.5h, 1h, 2h, 4h, 6h, 8h, and 16 h) were monitored. As
shown in Fig. 1, a population of the M1, ¢ specific T cells (25.5%) and
the NPy72 141 specific line (15.1%) responded within an hour after
stimulation.

The activation-induced TCR and CD8 downregulation gradually
increased over time, peaking at 4 h after activation. Although the later
time points, especially the overnight (16 h) point, showed even more
significant downregulation, some T cells were clearly overstimulated
and underwent apoptosis as previously reported (Alexander-Miller
et al., 1998). We, therefore, concluded that a 4-h activation of these
CD8" T cells provided optimal CD3 and CD8 downregulation,
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Fig. 2. 1077 M peptides induce optimal CD3CD8 downregulation in antigen-specific CD8™ T cells.

APCs were pulsed with serally diluted peptides for 1 h in complete medium then washed and incubated with T cells for assessing M1sg g5- and NP7 15 -specific
CD8™ T cell percentage at various peptide concentrations by a standand ICS. a) M1 g.-spedific T cell IFN-y expression and CD3CD8 downregulation; b) NP 50 15~
specific T cell IFN-y response and CD3CD8 downregulation. Data shown are representative of two independent experiments.

3.2. Sub-micromolar antigen doses induce sufficient T cell activation-
induced CD3CD8 downregulation

It is well established that over stimulating T cells could lead to T cell
exhaustion (Wherry and Kurachi, 2015). To avoid T cell over-
stimulation and yet to find out the optimal antigen dose range for ac-
tivating CD8" T cells to sufficiently downregulate CD3 and CD8, we
performed peptide titration experiments and monitored T cell lines'
CD3 and CD8 downregulation stimulated by various peptide con-
centrations. Fig. 2 shows the two CD8™* T cell lines' [FN-y response and
CD3CD8 downregulation at 4h after stimulation by various peptide
concentrations. It was obvious that [FN-y response required less antigen
stimulation than that required for CD3CD8 downregulation. For ex-
ample, 10 "% M of M1ss s peptide activated almost all specific T cells
(48.5%) to produce IFN-y, but only about half of these cells (26.7%)
showed obvious CD3 and CD8 downregulation (Fig. 2a). Such differ-
ence seemed to be T cell specificity dependent, because lower NPy72 181
peptide concentration was able to stimulate its specific T cells to pro-
duce IFN-y (10~ °M activated 80%): while much higher NPyyo 181
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peptide concentration (10~7 M) was required to stimulate the same T
cells to downregulate CD3 and CD8 (Fig. 2b). Taken together from these
data, we concluded T cell stimulation with 10~ 7 M peptide should in-
duce optimal CD3 and CD8 downregulation in antigen-specific CD8* T
cells while avoiding significant T cell over stimulation.

3.3. Sorting CD3""CD8"™ T cells after activation enriches antigen-specific
CD8* T cells

Having worked out the optimal antigen dose (10~ 7 M) and stimu-
lation time (4 h), we wanted to test the sensitivity of our T cell en-
riching approach. To achieve this, a T cell culture with relatively low
antigen-specific T cell purity (around 2%) was activated and enriched
by sorting CD3'"“CD8'™" T cells. The sorting gate was set according to
the control group that was cocultured with un-pulsed BLCLs. The gating
example is shown in Fig. 3a. Only a CD3"#"CD8M&" population can be
observed from the un-stimulated group (Fig. 3a, upper panel); while a
CD3'““CD8"" subpopulation was obviously found in the stimulated
group (Fig. 3a, lower panel). Mgy 44-specific CD8* T cells were sorted
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Fig. 3. Sorting CD3"“CD&"" T cells after activation enriches peptide- or virus-specific CD8* T cells.

a) An example for gating CD3CD8 downregulated M1sg_ss-specific T cells responding to peptide-pulsed or un-pulsed APCs. CD8™ T cell culture was established as
described in the M&M using PR8 infected PBMCs. CD8™ T cells were stimulated with M1sg s peptide-pulsed (10_? M) APCs for 4 h, stained with anti-CD3 and anti-
(D8 and analyzed by flow cytometry. Gates were set according to T cell group co-cultured with un-pulsed BLCLs. First, gated on CD8™ T cells then displayed as CD3
(Y-axis) and CD8 (X-axis). An oval gate was then applied to 3 e population (Fig. 3a, right panel). b) BLCLs pulsed with M1ss 45 peptide (10_7 M) were
used to stimulate low purity M1 sg gs-specific CD8™ T cells; then the CD3'“"CD8' population was sorted and assessed by 1CS. ¢) The r'VV-infected BLCLs were used
as APCs to stimulate a bulk IAV-specific CD8* T cell culture, then the CD3*“CD&"" T cells were sorted and assessed by ICS. r'VV-CR19 infected APCs served as a

negative control.

and cultured in 48-well plate; an ICS was performed to assess the purity
of antigen-specific CD8™* T cells 72 h after sorting. As shown in Fig. 3b,
T cells were enriched about 40 times (from 2.16% to 85.5%) after
sorting CD3'**CD8" T cells. This result indicated that sorting CD3CD8
downregulated T cells after antigen stimulation could efficiently in-
crease the purity of antigen-specific CD8* T cell population.

Generally, working out unknown antigenic epitopes is not only a
time-consuming process it also often requires a large number of epi-
tope-specific T cells to screen synthetic overlapping peptides. To
achieve quality data, T cell lines with good purities are highly desired.
However, it is often the case that lower purity T cell cultures are dif-
ficult to maintain for its specificity. As the above sorting was conducted
using T cell lines with known peptide-specificities, we were curious to
know whether our novel method would allow us to enrich CD8* T cells
with unknown specificity.
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We therefore established a bulk T cell culture using autologous
BLCLs infected with IAV as stimulating APCs. 15 days later, CD8* T
cells with various [AV specificities and purities (as a percentage of the
total CD8* T cells in the culture) were expected. At this stage, auto-
logous BLCLs were infected with recombinant vaccinia viruses (rVV)
expressing individual IAV antigen, such as HA, M1, M2, PB1 or PB2, for
16 h, then used as APCs to stimulate each IAV antigen-specific T cell
population in the bulk culture. 4h later, activated T cells as a
CD3'"“CD8"* population were sorted into 96-well plate. 72 h later the
purities of sorted antigen-specific T cells were assessed by I1CS. As
shown in Fig. 3¢, the M2-specific T cell population was 9.22% before
sorting and it reached to 82.8% after sorting indicating nearly 10-fold
enrichment; similarly, the T cell population specific to PB2 was 0.27%
before sorting and it reached 22.1% after sorting, nearly 100-fold en-
richment. Other T cell populations specific to HA, M1, and PB1 also
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Cells/96-well plate Cells expansion rate

Average%(SD%)
1 cell NA
3 Cells 12 (2)

10 Cells 19 (4)

100 Cells 32(2)
1,000 Cells 90 (3)
5,000 Cells 100 (0)

10,000 Cells 100 (0)

MNote: 1. only 60 wells are used per 96-well plate
2, Data are summarised from three independent experiments

Fig. 4. CD3(D8 downregulation-guided sorting show good CD8™ T cell sur-
vival and expansion.

a) Activated M1sg_gs-specific CD8™ T cells were sorted into 96-well plate with
ranged numbers including 1, 3, 10, 100, 1000, 5000, 10,000 cells per well; and
each well contained 3 x 10° irradiated allogeneic feeder cells and was cultured
in RF-5 containing 300UL/mL hril-2 and 1pg/mL PHA. Cells were carefully
maintained for two weeks and the specificities and purity were assessed by ICS
at day 15 for IFN-y production. NA represents not expanded wells after two
week's culture. b) A summary of various cell numbers sorted based on CD3CD8
downregulation in three independent experiments.

reached 10-40-fold enrichment. Taken together, these results indicate
that sorting according to antigen-specific CD3CD8 downregulation can
efficiently enhance virus-specific CD8* T cell purity.

3.4. High purity CD8* T cell lines can be established from sorted
CD3""CD8™ antigen-specific T cells

To further investigate the potential of this approach, various
number of cells (1 cell/well, 3 cells/well, 10 cells/well, 100 cells/well,
1000 cells/well, 5000 cells/well, 10,000 cells/well) were sorted and
deposited into U-bottom 96-well plate with 3 x 10 allogeneic feeder
cells and cultured in RF-5. Two weeks later, an ICS was conducted to
assess the purity of these T cells. All the expanded antigen specific T
cells achieved 90% purity after CD3CD8 downregulation-guided sorting
(Fig. 4a). However, no single T cell clone was successfully established
from these experiments, although high purity T cell cultures (> 90%)
were derived from 3 cells/well group. Fig. 4b summarises cell expan-
sion results from the above-mentioned groups in three independent
experiments. For example, from 3 cells/well group, an average of 12%
wells expanded and became high purity T cell lines. However, in the
1000 cells/well group 90% expanded successfully. Furthermore, all the
expanded wells eventually contained high purity T cell lines. Taken
together, CD3CD8 downregulation-guided sorting was not only able to
increase T cell purity but also has the potential to derive pure T cell line
from very limited cell numbers (3 cells per well was demonstrated in
these experiments).
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3.5. CD3CD8 downregulation-guided sorting enriches multiple small
antigen-specific CD8™ T cell populations

To determine the reproducibility and sensitivity of this approach, a
primary bulk T cell culture with multiple small IAV-specific CD8* T cell
responses was established from a known donor according to our pub-
lished method (Wu et al., 2011; Grant et al., 2013). The IAV specificity
was then assessed using a panel of recombinant vaccinia viruses (rVV)
encoding 11 individual IAV proteins (Chen et al., 2001). As shown in
Fig. 5a, among all CD8"* T cells only 2.85% IAV-specific CD8* T cells
were identified by obvious CD3CD8 downregulation. Importantly, these
IAV-specific T cells responded to 9 different IAV proteins (HA, M1, M2,
NA, NP, N51, PA, PB1, and PB2) and all the specific T cell populations
were smaller than 1% of the total CD8* T cells (Fig. 5b). The IAV-
specific T cells were then activated by [AV-infected BLCLs and about 1
million CD3“*CD8"" cells were sorted into a well in a 48-well plate.
These T cells formed clusters 24h after sorting, suggesting that they
were healthy and activated (Observed by phase contrast microscopy
daily, data not shown). 72h later, 10* cells were used to assess speci-
ficity and purity for each IAV antigen. The total IAV specific T cell
purity increased from 2.85% to 45.8% (Fig. 5c). To further confirm the
specificity of these CD3'¥CD8" sorted cells, BLCLs were again in-
fected with the rVV panel encoding 11 single [AV proteins and used to
stimulate the enriched T cells in a standard ICS. As shown in Fig. 5d,
specificiies of every single protein were increased in the sorted
CD3'““CD8' group, indicating that CD3CD8 downregulation-guided
sorting was able to greatly enrich a low percentage, poly-specificity
[AV-specific T cell population.

3.6. CD8" T cells that downregulate CD3CD8 less dramatically can also be
enriched

Some T cells are very sensitive to antigen stimulaton and subse-
quently show a dramatic CD3CD8 downregulation pattern after T cell
activation, as shown above. However, some CD8*% T cells may not
downregulate their CD3 and CD8 so dramatically after antigen stimu-
lation. We therefore sought to investigate whether our novel sorting
method was also capable of enriching such CD8" T cells and, if so,
whether similar purity could be achieved after a single sort. For ex-
ample, it has been demonstrated that postranslational modification of
cysteine could affect immunogenicity and antigenicity of cysteine-
containing peptides (Chen et al., 1999), leading to reduced T cell ac-
tivation. We first selected a viral epitope that contains a cysteine in its
first amino acid position (NP44-52 CTELKLSDY) (Wu et al., 2011) to
test our novel enrichment method. As the peptide stock was dissolved in
DMSO which is an oxidant, cysteines could easily be oxidized to form
dimer peptides through disulfide bonds (Chen et al., 1999). NP4 ga-
specific CD8* T cells were stimulated by peptide-pulsed APCs in the
presence of 500 uM Tris(2-carboxyethyl)phosphine (TCEP) to reduce
dimer peptide formation. As shown in Fig. 6a, NP4 s»-specific CD&8* T
cells failed to show dramatic CD3CD8 downregulation after activation.
2.43% of NP4 sz-specific CD8™ T cells were detected and sorted ac-
cording to the unstimulated group. Impressively, T cell purity increased
by 10-fold assessed at 72 h after sorting.

We then investigated MelanA,, 45 specific CD8* T cells as this
peptide binds HLA-A*02:01 weakly (Valmori et al., 1999). As shown in
Fig. 6b, the CD3CD8 downregulation was rather subtle. Again, our
sorting gates were set according to the unstimulated group, only 1.2%
antigen-specific CD3'“"CD8'™ T cells were detected and then sorted.
Interestingly, an ICS assay conducted 72 h after the sorting again in-
dicated a 10-fold enrichment was acheived for this MelanA.g ss-specific
CD8* T cells. Taken together, the above results indicate that CD3CD8
downregulation-guided sorting is able to enrich antigen-specific CD8*
T cells that show much less dramatic CD3CD8 downregulation and also
capable of purifying activated CD8* T cells specific to a cysteine-con-
taining peptide or a peptide with weak HLA-binding ability.
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Recombinant vaccinia viruses (rVV)

Fig. 5. Multiple small IAV-specific CD8 T cell specificities were simultaneously enriched by CD3CD8 downregulation-guided sorting.

Primary T cell culture was established using IAV PR8-infected PBMC as described in the method. a-b) After 2 weeks' culture, IAV-specific CD8™ T cell responses were
assessed by their reactivity to the 11 individual IAV proteins expressed by rVV infected autologous BLCLs in an ICS assay. The 1AV infected BLCLs served as a positive
control and the r'VV-CR19 vector infected BLCLs served as a negative control (Fig. 5b). TCR and CD8 were alo stained and gated the CD3""“CD8"" population
according to the unstimulated group (Fig. 5a, upper left panel). ¢-d) CD3""(D&" population was sorted and cultured for 3 days before being assessed for the overall
IAV response and responses to the individual IAV antigens by 1CS for IFN-y as described above.

4. Discussion and conclusion

In this study, we have established and optimized a novel method for
enriching antigen-specific CD8* T cells. We have demonstrated that
using CD3CD8 downregulation-guided sorting can greatly enrich an-
tigen-specific CD8 * T cells. We have successfully employed this method
first to enrich established immunodominant CD8™* T cell line (Fig. 3b),
later single IAV protein-specific T cells (Fig. 3c); and finally, a poly-
specificity, low purity IAV-specific bulk CD8" T cell population. We
have further demonstrated that enriched CD8 * T cell populations using
this method maintained broad T cell specificities (Fig. 5) and they are
capable of expansion from very low numbers.

This method could potentially be widely applicable to any antigen-
specific CD8* T cell enrichment, especially at the early stage of T cell
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culture which is the most problematic time for most, if not all T cell
cultures in worldwide laboratories. Comparing to the mostly utlized
tetramer-guided antigen-specific T cell sorting, our novel antigen-spe-
cific T cell enriching method has the following major advantages: first,
our novel approach enriches any antigen-specific CD8* T cells without
the need to know HLA restricion or minimum epitope sequence, as
both are critical for the tetramer-guided T cell sorting (Altman et al.,
1996; Sims et al., 2010; Hunsucker et al., 2015). In this regard, our
approach should be more convenient with much wider application;
second, tetramers are expensive to make, and they often have limited
shelve life. So, our approach will be cheaper and always ready to run;
and finally, tetramer-guided sorting is mostly only applicable to in-
dividual T cell population specific for a single pMHC. However, our
approach, as demonstrated in this study, is able to enrich many antigen-
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a) Autologous BLCLs were pulsed with cysteine-containing NP4, s: (CTELKLSDY HLA-A*01:01) then incubated with NP4, _s.-specific CD8™ Teells in the presence of
TCEP. After activation a small population of CD3'“CD8'"™™ T cells were sorted and assessed for IFN-y production as described in the method. b) Melan A a5 specific
CD8™ T cells were stimulated by peptide-pulsed HLA-A*02:01 BLCLs. T cell activation induced CD3"CD8'™ T cells were sorted and assessed via 1CS.

specific T cell populations by a single run, which may allow our method
be used for antigen discovery in potentially complicated epitope dis-
covery experiments or quick assessments to rank major T cell response
to a particular antigen or pathogen.

In this study, we have not performed a side-by-side comparison
study with tetramer-guided sorting. As a result, we are not sure about
which method is more sensitive and/or more accurate. However, sev-
eral studies have reported that pMHC tetramer staining fail to detect
fully functional T cells as the TCR-affinity threshold for tetramer
staining is higher than that required for T cell activation (Derby et al.,
2001; Dolton et al.,, 2014). Furthermore, a more recent study has de-
monstrated that standard pMHC tetramer staining fail to detect relevant
functional T cell clonotypes and underestimated antigen-reactive T cell
populations (Rius et al., 2018) stressing the importance of using opti-
mized protocols for T cell study.

Although we trialled T cell cloning using this novel method, we
failed to acquire any antigen-specific T cell clone originated from single
cell culture. Judging from the results we have so far, especially those
from 3 cells per well cultures, we have every reason to believe this
approach should be suitable for T cell cloning. We believe it is likely a
cell culture related issue rather than a sorting related one, which is also
reflected by a relatively low success rate of 3 cells/well group. If it was
a sorting related issue, for example, cell damage during activation and/
or sorting, we would have expected the same negative outcome from 3
cells/well, or even higher number wells. The second possibility could be
a low rate related issue as we only trialled 60 culture for each cell
number although three trials were conducted. It might be possible that
should we have trialled a few hundred each time, we would have had a
few clones successfully.

During this study, we observed that a T cell line did not show any
CD3CD8 downregulation after being stimulated by 10”7 M peptide.
This was a long-term cultured CD&* T cell line and had been stimulated
for = 10 times and cultured for 6 months continuously. We then in-
creased the stimulating peptide concentration to 10°°M or 107 ° M,
also enhanced T cell activation time to 6-8 h. After such activation, a
small portion of CD3'*CD&"" T cells could be detected in the 10~ °M
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peptide stimulated group. We also observed that after CD3CD8 down-
regulation-guided sorting, EBV-specific CD8 * T cells were dramatically
enriched. This could be due to the fact that autologous BLCL line was
used as APCs. Hence, the best approach to reduce such unwanted re-
sponse is to avoid using autologous BLCL. Instead, using an APC that
shares only the peptide presenting HLA allele(s). For example, T2 cell
line expresses HLA-A*02:01 can be used to replace HLA-A*02:01 po-
sitive autologous BLCLs. By doing this, all the EBV-specific CD8" T cells
restricted to other HLA alleles, rather than HLA-A*02:01 will be
avoided.

In conclusion, we have developed a novel method which utilizes the
basic T cell property of CD3CD8 downregulation after antigen-trig gered
activation to enrich antigen-specific T cells. We have shown that this
method can be utilized to enrich various T cell populations with known
HLA-restrictions and peptide specificities. We have also shown that
such a method can be used to enrich T cell populations with diverse
specificiies, unknown HLA restriction and unknown epitope sequence.
Most importantly, we expect this method to be used to enrich low an-
tigen-specific T cell populations at early, not yet established T cell
culture stage, at which culture failure seems inevitable, to go on to
establish relatively high purity T cell lines, or even clones without the
need for tetramers or even the critical information relating to HLA re-
striction and T cell fine epitope sequence. As once a T cell line, or a
clone is established, all this information can be easily derived. We also
hope this approach may contribute to future T cell immunotherapy.
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4.1 Introduction

IAV infection causes significant morbidity and mortality worldwide (Krammer et al.,
2018). The 1918 Spanish influenza pandemic resulted in over 50 million people
deaths worldwide, making it one of the deadliest plagues ever experienced in
human history (Ahmed et al., 2007). Data from the WHO has reported that annual
IAV epidemics are responsible for 3-5 million severe infections and more than

500,000 deaths worldwide https://www.who.int/en/news-room/fact-

sheets/detail/influenza-(seasonal). 1AV vaccines are widely available; however,

their efficacy in elderly and young are still debated (E. J. Grant et al., 2014). As
these vaccines are designed to stimulate neutralising antibodies to the surface
proteins HA and NA (Grebe et al., 2008), which mutate frequently, the vaccine
requires to be updated annually (Krammer et al., 2018). Moreover, antibody-based
IAV vaccines often showed little effect on newly-emerged IAV strains (E. J. Grant
et al., 2014), such as the avian-origin H7N9 IAV emerged in China during 2013
(Gao et al., 2013). Hence, more effective vaccines with broader strain coverage

are urgently required.

CD8" T cells play an essential role in controlling virulent IAV infections (Bender et
al., 1992). They eliminate virus-infected cells efficiently by producing antiviral
cytokines and other cytolytic molecules (Doherty et al., 1996). IAV -specific CD8*
T cells are mainly directed against the relatively conserved internal viral proteins,
like NP. Our previous studies have demonstrated that NP is the major target of
immunodominant 1AV-specific CD8" T cells in both HLA-A*02:01 positive and
negative donors (E. Grant et al., 2013; Wu et al., 2011). In addition, IAV-specific
CD8" T cells were also associated with enhanced recovery from novel IAV infection.
For example, Wang and colleagues reported that early H7N9 specific CD8* T cell
response was contributed to shorter-term hospitalisation, while patients who had
late recruitment of CD8* T cell responses were most likely to develop severe
complications and discharge delays (Z. Wang et al., 2015). Furthermore, virus-
specific CD8* T cells induced after infection with seasonal circulating IAV display
considerable cross-reactivity with 2009 pandemic influenza A (HLN1) virus (Gras

et al., 2010; Hillaire et al., 2013), and other more virulent strains like H7N9 (van de
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Sandt et al.,, 2014) and H5N1 (Kreijtz et al., 2008). Hence, such cross-reactive
CD8* T cells in the human populations could provide cross-strain protection and

dampen the impact of a pandemic outbreak caused by newly-emerged IAV strains.

CD8* T cells recognise viral derived peptides bound to MHC-I molecules (Davis et
al.,, 1988). Some viruses encode many proteins and many peptides could
potentially be presented to CD8* T cells. However, it is often observed that only a
small fraction of such viral peptides is recognised by virus-specific CD8* T cells
with a measurable response. Among these, often a couple of responses are much
bigger than the rest, a phenomenon known as immunodominance (Yewdell et al.,
1999), and the peptides stimulate major responses are termed immunodominant
determinants and the others called subdominant determinants (Sercarz et al., 1993;
Yewdell et al., 1999).

Most studies that investigated the underlying mechanisms of immunodominance
often used syngeneic mouse models, such as the well-studied influenza infection
model in the C57BL/6 and BALB/c mice (Belz et al., 2000; W. Chen et al., 2000),
LCMV infected C57BL/6 and BALB/c mice (Oldstone et al., 1995), rVV-infected
C57BL/6 mice (Tscharke et al., 2005), HSV-infected C57BL/6 mice (Wallace et al.,
1999), and many others. In such studies, factors, such as peptide-binding ability to
MHC, antigen-processing efficiency, and TCR repertoires are investigated (Belz et
al., 2000; W. Chen et al.,, 2000; Oldstone et al., 1995; Tscharke et al., 2005;
Wallace et al., 1999). Importantly, few studies focused on MHC allelic difference
and its impact on immunodominance. It is well demonstrated that individual's HLA
plays a significant role in setting the immunodominance hierarchy. For example, in
HIV-infected individuals who express HLA-B*57 or *58:01 present the
immunodominant Gagz4o-249 (TSTLQEQIAW) epitope to CD8* T cells, which
protects the individuals by forcing the virus to mutate 242T—N resulting in a
weakened virus. When this virus is passed to their newborn babies vertically, if the
baby does not express HLA-B*57 or *58:01 the virus mutates back to 242T (Leslie
et al., 2004). Immunodominant CD8* T cell responses in humans have been also
widely observed in other viral infections such as CMV and HBV (Elkington et al.,
2003; Lacey et al., 2003; Malik et al., 2017; Schirmbeck et al., 2002)
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HLA is extremely polymorphic and most of the polymorphism is concentrated on
the peptide-binding cleft (Bjorkman et al., 1987a; Sidney et al., 2008). There are
generally two pockets exist in the peptide-binding groove that accommodate the
side chains of selected amino acids, which are often termed anchor residues (Falk
et al., 1991). This specific peptide preference is often referred as “peptide-binding
motif” that allows reasonably accurate peptide prediction for many HLA alleles (Ibe
et al., 1996; Jardetzky et al., 1991). For example, HLA-B*44 molecules have a
stringent binding motif requiring a Glutamate (E) in position two (P2) and a tyrosine
(Y), or phenylalanine (F) and less often tryptophan (W) at the C-terminus (Luescher
et al., 1996). Similar to HLA-B*44:03, HLA-A*33:03 also has relatively stringent
peptide-binding motifs. Although it tolerates Alanine (A), Isoleucine (l), Leucine (L),
Phenylalanine (F), Tyrosine (Y) or Valine (V) at P2, it requires almost exceptionally
an Arginine (R) at the C-terminus (Takiguchi et al., 2000). HLA-A*24:02 peptide-
binding motifs prefer a Tyrosine (Y) at P2 and a phenylalanine (F) or Leucine (L)
at the C-terminus (Kubo et al., 1994). Such stringent binding motifs enhance the
accuracy of peptide prediction and enable easy and time-saving identification of
potential antigenic peptides recognised by CD8* T cells (Ibe et al., 1996; Jardetzky
et al., 1991; Rammensee et al., 1999).

As mentioned above HLA molecules are highly polymorphic and few individuals
share the same HLA alleles, the observed immunodominance in humans has been
much less reproducible than those observed in the syngeneic murine systems. For
instance, through a systematic approach, our laboratory demonstrated that not all
individuals expressing HLA-A*02:01 show immunodominant response to M1ss-66
(Wu et al., 2011). As this epitope is rarely mutated, the lack of immunodominant
response to this epitope is likely the result of emerging novel immunodominant
epitopes associated with other HLA molecules co-expressed with HLA-A*02:01 in
these individuals (Wu et al., 2011). Thus, if one individual expresses a set of HLA
molecules that do not present any immunodominant CD8* T cell epitope from IAV,
the prediction would be that T cell responses in this individual will likely be broad
and even to many subdominant determinants and lack pronounced
immunodominance during IAV infection. Such type of response has not been
previously reported for CD8* T cells.
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Our laboratory reported such an IAV-specific CD4* T cell response previously as
no clear immunodominant response was detected among all the antigenic regions
from NP and M1 (L. Chen et al., 2017). In this study, | report broad-based IAV-
specific CD8* T cell responses to various IAV antigens from a healthy donor. |
found CD8* T cell responses to nine IAV proteins, including the previously shown
dominant CD8* T cell target antigens M1 and NP in most healthy individuals (Wu
et al., 2011). Interestingly, most of these CD8* T cell responses specific to the
epitopes from the nine 1AV proteins showed similar intensity. | believe that an in-
depth understanding of such CD8* T cell responses could help vaccines design.
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4.2 Results

4.2.1 A systematic approach for identifying IAV-specific CD8" T

cell responses

A two-step systematic approach (E. Grantetal., 2013; Wu et al., 2011) was created
to i) identify the viral proteins that stimulated CD8* T cell responses (Figure 4.1a),
and then to, ii) determine minimum antigenic peptide sequences and their HLA
restrictions (Figure 4.1b). To achieve this, IAV-specific polyclonal CD8* T cell lines
were established by infecting 10% of autologous PBMCs, as the infected PBMCs
serving as APCs would be able to stimulate all IAV-specific memory CD8* T cells
among these PBMCs. Two weeks later, CD8" T cell’ specificities were assessed
by infected autologous BLCLs with a panel of 11 rVVs encoding individual 1AV
proteins followed by synthetic overlapping 18mer peptides via ICS for IFN-y
production. Once the specific antigenic regions were identified, the minimal epitope
sequences were determined using either overlapping 13mer peptides or other
shorter predicted peptides within the active 18mer sequence. Partially HLA-

matched cell lines were used to determine these epitopes’ HLA-restriction.
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Figure 4.1. A systematic approach for identifying IAV-specific CD8* T cell

responses

(a), Establishing polyclonal 1AV-specific CD8* T cells. After about two weeks’
culture, CD8"* T cells were screened by a panel of individual 1AV protein-encoding
rvV to identify specific antigenic proteins. After knowing the specific antigenic
proteins, CD8* T cells were screened with synthetic overlapping 18mer peptides
to determine the specific antigenic peptide regions within the protein.

(b), Generating individual peptide-specific CD8* T cell lines by using individual
peptide-pulsed APCs, irradiated, co-cultured with polyclonal IAV-specific T cells or
T cells were isolated and enriched via CD3CD8 downregulation-guided sorting.
Two weeks later, CD8* T cells were tested with shorter peptides to assess the core

sequence and HLA restriction of the particular peptide.
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4.2.2 Broad-based IAV-specific CD8" T cell responses to multiple
IAV proteins

To identify a donor with broad-based CD8* T cell responses to IAV antigens, PBMC
samples from multiple donors were screened. Polyclonal 1AV-specific CD8* T cell
cultures were established and screened as described in Figure 4.1a. Briefly, 1x108
PBMCs were infected as APCs and co-cultured with the rest 9x108 uninfected
PBMCs (responders). After about 15 days’ culture, the polyclonal T cells were used
to screen rVV encoding individual IAV proteins. One of the screen results showed
broad T cell responses to nine IAV proteins (PA, NA, HA, M1, M2, NP, NS1, PB1,
PB2) except PB1F2 and NS2 (Figure 4.2). Although NP was demonstrated to be
the most dominant antigen in most healthy donors (E. Grant et al., 2013; Wu et al.,
2011), that is not the case in this individual as most T cell responses specific to the
nine IAV proteins showed similar intensity. To further investigate this broad-based
CD8* T cell response, the IAV-specific T cells were enriched via the novel CD3CD8

downregulation-guided sorting in Chapter 3 (Huang et al., 2019)
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Figure 4.2. Broad-based CD8* T cell responses to multiple IAV proteins
Autologous BLCLs were infected with rVVs encoding individual 1AV proteins for 16

hours before being used as APCs to assess CD8" T cell responses via a standard

ICS for IFN-y production.
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4.2.3 Characterising antigenic peptide regions in multiple 1AV

proteins

Following the identification of broad-based CD8* T cell responses at IAV protein
level, a whole set of synthetic 18mer overlapping peptides from these proteins were
screened by the bulk T cell line used in Figure 4.2 to further identify antigenic
regions in each protein. Because this was a polyclonal, low purity IAV-specific bulk
CD8* T cell line, a quick assessment of 18mer peptides was performed to avoid
losing any protein specificity during antigen re-stimulated T cell expansion. The
polyclonal CD8* T cell line was subsequently enriched by CD3CD8 downregulation
guided sorting (Huang et al., 2019); the enriched CD8* T cell lines were tested
again with the whole set of synthetic 18mer peptides to further confirm the results
obtained from the bulk T cell line used in Figure 4.2. As shown in Figure 4.3 (results
derived from the enriched CD8* T cell line), the antigenic regions from the above-
mentioned nine IAV proteins were revealed by synthetic 18mer overlapping peptide
screen: they are M2 7-24, M1 121-138, NP 313-330, NS1 193-210, PB1 493-510,
PB2 37-54, HA 439-456, NA 331-348, PA 121-138. Interestingly, only one
antigenic region in each IAV protein was recognised by the specific CD8* T cells
except for NS1, in which | failed to detect a clear antigenic peptide region.
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Figure 4.3 (continued)
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Figure 4.3. Identification of specific antigenic regions using synthetic 18mer

overlapping peptides

The CD8* T cell responses of individual 1AV proteins were assessed with 18mer
overlapping peptides covering the full-sequences of M2, M1, NP, NS1, PB1, PB2,
HA, NA, and PA in a standard ICS assay. In the same experiment, APCs infected
by each rVV encoding individual IAV proteins were used as positive controls shown

at the far right in each graph.
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4.2.4 Minimal epitopes of differing lengths are presented by three
HLA alleles

It has been demonstrated that MHC is one of the critical determining factors of the
immunodominance (Burrows et al., 1995; Gotch et al., 1987) and the MHC-I
peptide-binding groove can only accommodate peptide generally of 8-12 amino
acid in length (Blum et al., 2013; Rist et al., 2013). Therefore, minimal epitope
sequences and their HLA restrictions were investigated for better understanding
such a broad-based CD8* T cell responses. First, single peptide-specific CD8* T
cell lines were generated either by 18mer peptide stimulation as demonstrated in
Figure 4.1b or by enriching and isolating through the novel CD3CDS8
downregulation-guide sorting (Huang et al., 2019). All the newly identified 18mer
peptides were shown to be restricted by HLA-A*33:03, or HLA-A*24:02, or HLA-
B*44:03 (Appendix Figure 4.1) and interestingly, not a single peptide was shown
to be restricted to HLA-B*46:01 expressed also by this donor. As all three HLA
molecules have stringent peptide-binding motifs (Kubo et al., 1994; Luescher et al.,
1996; Takiguchi et al., 2000), for example, HLA-B*44 molecules requiring a
Glutamate (E) in position two (P2) and a tyrosine (Y), or phenylalanine (F) and less
often tryptophan (W) at the C-terminus (Luescher et al., 1996), shorter peptides
within the 18mer region of interest were predicted according to the peptide-binding

motifs and screened by single peptide-specific CD8* T cell lines.

4.2.4.1 Identifying the core sequences of the epitopes presented by HLA-
B*44.03

4.2.4.1.1 HA-specific CD8* T cell minimal epitope

For HA-specific CD8* T cells, HA 439-456 (AELLVLLENERTLDFHDS) and HA
445-462 (LENERTLDFHDSNVKNLY) peptides revealed a positive CD8* T cell
response among all the 18mer peptides (Figure 4.3). Moreover, these two
neighbouring peptides stimulated T cell activation to a similar degree, indicating
that the minimal epitope was likely within the shared sequence HA 445-456
(LENERTLDFHDS). | then worked out these two positive peptides are restricted
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by HLA-B*44:03 (Appendix Figure 4.1) using donor HLA-matched APCs from
Table 4.1. As HLA-B*44:03 requires P2 and C-terminal anchor residues E and Y/F
respectively, | predicted HA 445-453 LENERTLDF as the minimal epitope. The
peptide and its single amino acid truncated versions were synthesised and tested
in a peptide titration experiment. As shown in Figure 4.4 a-i, HA 445-453 peptide
stimulated CD8* T cell response even at a concentration of 10-°°M. However, HA
446-453 was only able to stimulate a weaker T cell response at much higher
peptide concentration (10-M) while HA 445-452 lost all the activity. Therefore
HA445453 is the minimal epitope and its HLA-B*44:03 restriction was further
confirmed (Figure 4.4 a-ii). According to Immune Epitope Database (IEDB)
(www.immuneepitope.org) (unless otherwise noted, the last search time is 27t July
2019), HLA-B*44:03 restricted HA445.453 is a novel epitope identified in this study.

4.2.4.1.2 M2-specific CD8* T cell minimal epitope

Similarly, the M2 specific CD8* T cells recognised both M2 1-18
(MSLLTEVETPIRNEWGCR) and M2 7-24 (VETPIRNEWGCRCNGSSD) to a
similar degree (Figure 4.3) and showed HLA-B*44:03 restriction (Appendix Figure
4.1). |, therefore, predicted the minimal epitope as M2 7-15 (VETPIRNEW) within
the shared M2 7-18 (VETPIRNEWGCR) region. Peptide titration experiments were
performed for M2 7-15, M2 8-15 and M2 7-14 and very similar results were
obstained (Figure 4.4 b-i) as those acquired above, and HLA-B*44:03 restriction
was further confirmed (Figure 4.4 b-ii). According to IEDB, | concluded that M27-15

is a novel epitope identified in this study.

4.2.4.1.3 NP-specific CD8* T cell minimal epitope

In similar fashion, NP-specific CD8" T cells recognised 18mer peptides NP 313-
330 (YSLIRPNENPAHKSQLVW) and NP 319-336 (NENPAHKSQLVWMACHSA)
(Figure 4.3) and restricted by HLA-B*44:03 (Appendix Figure 4.1). | predicted NP
319-330 (NENPAHKSQLVW) as the minimal epitope, which was confirmed by the
decreased and total loss of T cell activation capacity of the amino- and carboxyl-
terminal single amino acid truncation peptides (Figure 4.4 c-i). This is a longer

minimal epitope containing 12 amino acids, and HLA-B*44:03 restriction was again
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confirmed (figure 4.4 c-ii). Thus, | concluded that NPz19-330 is the minimal epitope
and it is also the longest HLA-B*44:03 restricted novel 1AV epitope confirmed by
IEDB.

4.2.4.1.4 PB2-specific CD8" T cell minimal epitope

The PB2-specific CD8* T cells (HLA-B*44:03 restricted, Appendix Figure 4.1)
showed an interesting pattern of peptide recognition as they were slightly activated
by PB2 31-48 (IKKYTSGRQEKNPALRMK) but well activated by PB2 37-54
(GRQEKNPALRMKWMMAMK) (Figure 4.3), indicating that PB2 37-54 must
contain the minimal peptide sequence and PB2 31-48 likely misses a single C-
terminal amino acid. PB2 39-49 (QEKNPALRMKW) was considered as the
minimal epitope. This was confirmed by the loss of T cell activating capacity of the
two peptides with a single amino acid truncation at either end of PB2 39-49 (Figure
4.4 d-i). The restricting HLA for PB239-49 was subsequently reconfirmed as HLA-
B*44:03 (Figure 4.4 d-ii). Again, this is a novel peptide by comparing with those
listed in the IEDB.

4.2.4.1.5 NS1-specific CD8* T cell minimal epitope

The NS1-specific CD8* T cells, although recognised rVV-NS1 infected APC (15%
produced IFN-y), they basically failed to recognise any NS1 18mers, except for
very limited T cell activation induced by NS1 187-204
(WNDNTVRVSETLQRFAWR) and NS1 193-210 (RVSETLQRFAWRSSNENG)
(<1%) (Figure 4.3) and restricted by HLA-B*44:03 (Appendix Figure 4.1). Although
the NS1 18mer responses were very low, according to the FACS profiles | believed
the NS1 18mer peptide-specific CD8* T cell response was real. Therefore, these
CD8" T cells were specifically enriched by NS1 193-210 pulsed APCs through
CD3CD8 downregulation guided-sorting. | then predicted NS1 195-203
(SETLQRFAW) as the minimal epitope. Indeed, T cell activation was significantly
reduced when they were stimulated by peptides with a single amino acid truncation
at either end of NS1 195-203 (Figure 4.4 e-i). |, therefore, concluded that NS119s.

203 IS the minimal epitope and its MHC restriction was also reconfirmed as HLA-

78



Chapter 4

B*44:03 (Figure 4.4 e-ii). Again, comparing to those listed in the IEDB, this epitope

is undeniably a novel one.
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4.2.4.2 Identifying the core sequences of the epitopes presented by HLA-
A*33:03

Similar to HLA-B*44:03, HLA-A*33:03 also has relatively stringent peptide-binding
motifs. Although it tolerates Alanine (A), Isoleucine (l), Leucine (L), Phenylalanine
(F), Tyrosine (YY) or Valine (V) at P2, it requires almost exceptionally an Arginine
(R) at the C-terminus (Takiguchi et al., 2000).

4.2.4.2.1 M1-specific CD8* T cell minimal epitope

The  Ml-specific CD8* T cells responded to M1 121-138
(AGALASCMGLIYNRMGAYV) and M1 127-144 (CMGLIYNRMGAVTTEVAF)
18mers (Figure 4.3) and the response was restricted by HLA-A*33:03 (Appendix
Figure 4.1). As the two 18mer peptides only contained a single Arginine (R) at
position 134, and as M1 127-144 still had some T cell activation capacity (Figure
4.3), likely due to week stimulation at high concentration, | predicted that the P2
residue as 125 A rather than 124 L or 123 A because 12mer and 13mer epitopes
are rare. Again M1 124-134 (LASCMGLIYNR) and its single terminal truncation
peptides were synthesised. As P4 is a cysteine, to avoid cysteinylation and peptide
dimerization (W. Chen et al., 1999), | assessed these peptides in the presence of
500puM TCEP. As shown in Figure 4.4 f-i, both M1 124-134 and M1 125-134 were
quite potent in the titration experiment, while M1 124-133 was no longer capable
of T cell activation due to missing the C-terminal anchor residue Arginine. Judging
from the titration curves, M1 124-134 is more potent than M1 125-134, therefore, |
concluded that M1124-134 is minimal epitope. HLA restriction of this minimal epitope
was also reconfirmed by peptide-pulsed C1R-A*33:03 APCs (Figure 4.4 f-ii) and

again this is a novel epitope.

4.2.4.2.2 NA-specific CD8* T cell minimal epitope

The NA-specific CD8" T cells (HLA-A*33:03 restricted, Appendix Figure 4.1)
responded to two neighbouring 18mer peptides NA  331-348
(VKGFSYRYGNGVWIGRTK) and NA 337-354 (RYGNGVWIGRTKSHSSRH)
(Figure 4.3) indicating that the minimal epitope should be within the shared region
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NA 337-348 (RYGNGVWIGRTK). |, therefore, predicted NA 337-346
(RYGNGVWIGR) as the minimal epitope. This was confirmed by the peptide
titration experiments showing reduced T cell activation capacity of the two peptides
with a single amino acid truncation at either end of NA 337-346 (Figure 4.4 g-i).
C1R-A*33:03 cell line was used to confirm the HLA-restriction of this newly
identified minimal epitope NAss7-as6 (Figure 4.4g-ii). Moreover, this is a novel

sequence as it is not published previously by searching from IEDB website.

4.2.4.3 Identifying the core sequences of the epitopes presented by HLA-
A*24:02

4.2.4.3.1 PB1-specific CD8* T cell minimal epitope

HLA-A*24:02 peptide-binding motifs prefer a Tyrosine (Y) at P2 and a
phenylalanine (F) or Leucine (L) at the C-terminus (Kubo et al., 1994). According
to PB1 18mer mapping result (Figure 4.3), PB1 specific CD8* T cells responded to
PB1 493-510 (TSFFYRYGFVANFSMELP) only and the response was restricted
by HLA-A*24:02 (Appendix Figure 4.1). Therefore, the minimal epitope was
considered to be within PB1 498-510 (RYGFVANFSMELP). As HLA-A*24:02 C-
terminus anchor can be either Leucine (L) or Phenylalanine (F), it was then
possible that either PB1 498-505 (RYGFVANF) or PB1 498-509
(RYGFVANFSMEL) could be the minimal epitope. As PB1 498-505 has been
published (J. Liu et al., 2012), | then test PB1 498-509 and the single amino acid
truncated at either side PB1 499-509, PB1 498-508. To avoid unexpected peptide
trimming by serum protease (Falo et al., 1992), peptide titrations were conducted
in the presence and absence of FCS. As shown in Figure 4.4 h-i (in the presence
of FCS), PB1 498-508 and 498-509 can be titrated to 10° M, the stimulation
capacity was same with the previously published PB1 498-505 (Figure 4.4 h-i,
shown in red). However, in the absence of FCS (Figure 4.4 i-i), PB1 498-505 is
more potent than PB1 498-508 and PB1 498-509 in the titration experiment.
Therefore, | conclude that the minimal epitope is the published PB14gs-s0s. The HLA

restriction was also confirmed as HLA-A*24:02 (Figure 4.4 h-ii).
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4.2.4.3.2 PA-specific CD8* T cell minimal epitope

The PA-specific CD8* T cells recognised two neighbouring overlapping 18mer
peptides PA 121-138 (GVTRREVHIYYLEKANKI) and PA 127-144
(VHIYYLEKANKIKSEKTH) to the same degree (Figure 4.3), indicating that the
minimal epitope is located in the shared sequence PA 127-138 (VHIYYLEKANKI).
The response from 18mer peptide was confirmed as HLA-A*24:02 (Appendix
Figure 4.1). Following the HLA-A*24:02 motifs, | predicted PAz130-138 (YYLEKANKI)
as the minimal epitope and the response was further confirmed by IAV-specific
CD8* T cells (data not shown), however, this epitope was previously identified
(Alexander et al., 2010).

Table 4.1. HLA information of APCs

APCs HLA-A HLA-B HLA-Cw
auto-BLCL 24:02, 33:03 44:03, 46:01 01:02, 07:01
9002 24:02 14:02 02:02, 08:02
C1R-B*44:03 44:03

C1R-A*33:03 33:03

9004 02:01 27:05 01:02

9022 01:01 08:01 07:01
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Figure 4.4 (continued)
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Figure 4.4. Minimal epitopes of differing lengths are presented by HLA-
B*44.03, HLA-A*33:03 and HLA-A*24:02

Peptide-specific CD8* T cells were established as described in the legend to Figure
4.1b; (a-i), various CD8* T cell specificities were assessed via standard ICS for the
production of IFN-y with different peptides and APCs. (i), peptide titrations of all the
minimal peptides and their truncation peptides (ii) HLA restrictions of each minimal
epitope are shown. (h), peptide titration of PB1 minimal peptides in the presence
of FCS (+ FCS); (i), peptide titration of PB1 minimal peptides in the absence of
FCS (- FCS).
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4.2.5 Epitope conservancy among all the IAV strains circulated in
Australia during 1994-2019 period

To analyse the conservancy of all the novel immunogenic epitopes discovered in
this study, IAV protein sequences were aligned, and amino acid differences were
scored for the IAV strains circulated in Australia during the 25 years between 1994-
2019. As the PBMC sample used in this study was collected in 2009, it is better to
have the conservation analysis cover the IAV strains circulated in Australia in a
guarter-century. The information of circulated IAV strains (Table 4.3) was obtained
from National Center for Biotechnology Information (NCBI) influenza virus resource
database accessed on July 28, 2019. According to my analysis, three out of the
seven novel IAV epitopes are 100% conserved in these viruses, including NP319-
330, M1124-134 and M27-15 in both HIN1 and H3N2. For NA337-346 and PB239.49 CD8"
T cell epitopes, although amino acid differences are found, the HLA anchor
residues of these three epitopes are still conserved (Table 4.2). Based on the
above analysis, it is highly likely that most IAV-specific CD8* T cells studied here
would be able to fully or partially recognise cells infected by these different 1AV
strains including the 2009 H1N1 pandemic strain. Taken together, my results
revealed multiple novel CD8* T cell epitopes restricted to the individual’s HLA-A

and B molecules with 100% conserved epitope sequences.
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Table 4.2. Conservancy of the novel epitope sequences among all the IAV
strains circulated in Australia during 1994-2019

Frequency (%) of peptide
Peptide Peptide sequence variants
HIN1 H3N2
NP319-330 NENPAHKSQLVW? 100.0 100.0
M1124-134 LASCMGLIYNR 100.0 100.0
M27-15 VETPIRNEW 100.0 100.0
NA337-346 RYGNGVWIGR 87.5 0.0
Db 12.5 100.0
PB239-49 QEKNPALRMKW 0.0 0.0
..... S..... 100.0 100.0
HA445-453 LENERTLDF 100.0 0.0
...0H.I.L 0.0 100.0
NS1195-203 SETLORFAW 75.0 0.0
Kool S. 12.5 0.0
T .. 12.5 0.0
LKN...... 0.0 100.0

Note: Australian circulated HIN1 and H3N2 IAV strain full-length sequences for
the studied proteins were downloaded from the NCBI influenza resource database

(https://www.ncbi.nlm.nih.gov/genomes/FLU/Database/nph-

select.cgi?go=database). Specific searching criteria for downloading were
Country/region (Australia), Protein (NP/M1/M2/NA/PB2/HA/NS1), Subtype
(HIN1/H3N2), Sequence Length (Full-length only), Collection data (from 1994 to

2019), identical sequences were represented by the oldest sequence in the group.
a HLA anchor residues are shown in bold; ? Variations from the PRS8 strain

sequences are shown in italics.
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HIN1 H3N2
A/Cairns North/INS597/2010 A/Australia/18/2009 A/Perth/1055/2014 A/Sydney/852M/2002
A/Sydney/DD3-02/2009 A/Australia/NHRC0001/2003 | A/Perth/113/2015 A/Sydney/329Q/2003
A/Victoria/2005/2009 A/Australia/NHRC0001/2005 | A/Perth/153/2012 A/Sydney/419J/2004
A/Brisbane/59/2007 A/Brisbane/9/2006 A/Perth/16/2009 A/Sydney/348N/2006
C\fé';‘l‘;‘g/fgll‘;gg(m,\ll) A/Brisbane/1/2012 AlPerth/164/2013 A/Sydney/257U/2009
A/South Australia/45/2000 A/Brisbane/1/2013 A/Perth/22/2016 A/Sydney/DD2-01/2010

A/Western Australia/18/2001

A/Brisbane/1/2017

A/Queensland/1/2000

A/Tasmania/60/2012

A/Brisbane/193/2004

A/Brisbane/10/2007

A/Queensland/11/2001

AlTasmania/11/2014

A/South Australia/55/2005

A/Brisbane/100/2014

A/Queensland/21/2002

Al/Tasmania/1005/2015

A/Western Australia/77/2005

A/Brisbane/1000/2015

A/Queensland/31/2003

A/Tasmania/1001/2016

AlVictoria/500/2006

A/Brisbane/1004/2016

A/Queensland/41/2004

AlTownsville/1004/2012

A/Brisbane/297/2006

A/Brisbane/11/2010

A/Queensland/51/2005

A/Townsville/10/2015

AlPerth/1/2007 Al/Canberra/1001/2012 A/South Australia/1/2012 AlTownsville/1003/2016
AlVictoria/501/2007 Al/Canberra/1001/2016 AlSouth Australia/1/2015 AlVictoria/75/1995
A/South Australia/423/2007 Al/Canberra/113/2013 A/South Australia/1002/2014 | A/Victoria/210/2009
A/Sydney/581/2007 A/Canberra/12/2015 A/South Australia/1007/2016 | A/Victoria/361/2011
A/South Australia/2001/2009 Al/Canberra/2/2014 A/South Australia/15/1994 AlVictoria/1002/2012

A/Brisbane/17/2009

A/Darwin/1000/2015

A/South Australia/15/2000

AlVictoria/504/2013

A/Australia/1/2009

A/Darwin/1001/2012

A/South Australia/18/2005

AlVictoria/1012/2014

Alswine/VIC/09-02767-
01/2009

A/Darwin/1002/2016

A/South Australia/2/2013

AlVictoria/1000/2015

Al/swine/QLD/09-02865-

07/2009 A/Darwin/4/2005 A/Sydney/223G/2005 AlVictoria/109/2016
A/Sydney/DD3-37/2010 A/New South Wales/13/1999 | A/Sydney/0017/2007 ﬁﬁvgter:g/nl/zooo
A/North Fitzroy/INS463/2010 | A/New South Wales/27/2000 | A/Sydney/1001/2012 ﬁﬁvgterztlf{;j”m 1001
A/Melbourne/INS467/2010 A/Newcastle/1/2013 A/Sydney/1014/2013 ﬁfjvgterzt“e;/% 12002
A/Westmead/INS524/2010 A/Newcastle/1000/2016 A/Sydney/1004/2014 ﬁfjvgterzt“e;/r;7 12003
A/Sydney/DD3-58/2011 A/Newcastle/1001/2015 A/Sydney/10/2015 2{1 e 12004
A/Westmead/INS3_659/2011 | A/Newcastle/1016/2014 A/Sydney/101/2016 2&32?;%5/2005
A/Darlinghurst/INS3_645/2011 | A/PERTH/1/2003 A/Sydney/5/1997

A/Melbourne/INS3_670/2011 A/Perth/10/2010 A/Sydney/405A/2001

Note: This table including all the IAV strains circulated in Australia during 1994-
2019 period.
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4.2.6 Quantitatively assess HLA-I peptide presentation to the

antigen-specific CD8* T cells

It has been demonstrated that the speed of antigen processing and presentation
influences the hierarchy of CD8* T cell response during virus infections (Akram et
al., 2012; W. Chen et al., 2000; W. Chen et al., 2004; Tenzer et al., 2009). To further
understand the basis of the broad-based IAV-specific CD8" T cell response
observed in this study, | investigated the antigen presentation kinetics of the above
T cell epitopes using a BFA kinetics assay as slow antigen presentation could
potentially explain the observed overall small and lack of immunodominant
responses in this individual. BFA blocks pMHC-| egressing of ER (Yewdell et al.,
1989) therefore “freezes” pMHC-I complexes on the virus infected APC at the time
of addition and allows the assessment of pMHC-| antigen presentation level at any
time point after infection (Pang et al., 2006). This method also allows the
comparison of different T cell populations engaging the same APC which presents
various CD8* T cell epitopes simultaneously. Additionally, | included a most studied
immunodominant epitope M1ss-66 as the “golden standard” to compare the antigen

presentation kinetics of the novel epitopes investigated in this study.

The presentation kinetics results are separately shown by epitopes’ HLA restriction.
For example, as shown in Figure 4.5, Figure 4.5a shows data for HLA-B*44:03
restricted epitopes. In this Figure, both M1124-132 and NP319-330 presentations were
detected at 0.5 hour after infection, at that time presentation of M1ss.66 was barely
detectable; M1124-134 presentation rapidly reached a level that activated 50% of its
antigen-specific T cells around 2 hours after rVV-M1 infection (Figure 4.5c); while
M1ss-66 reached the same level 2 hours later and NP319-330 reached the same level
with a further 2 hour delay (Figure 4.5a). M27.15, NS1195.203, PB239-49 and HA445-453
showed similar slower presentation kinetics with detectable presentation at 2 hour
and 50% presentation at around 6 hour after infection (Figure 4.5a).

Figure 4.5b shows data for HLA-A*24:02 restricted epitopes. It illustrates that PA130-
138 and PB149s.505 presentations were detected at 2 hours and reached 50%
saturating presentation at 4 hours. Figure 4.5¢ shows data for HLA-A*33:03
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restricted epitopes. This figure displays that NAss7-346 presentation became
detectable at 1 hour after infection and reached 50% saturating presentation at 4
hours. Taken together, these results indicate that antigen presentation did not seem
to correlate the magnitude of CD8" T cell response to each epitope, albeit these
responses were all assessed after in vitro T cell expansion by PR8-infected APCs

after 16 hours infection.
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HLA-B*44:03 restricted epitopes
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Figure 4.5. Most novel CD8" T cell epitopes are presented with a fast kinetics
CD8* T cells were activated by rVVs infected BLCLs at various time points (Oh,
0.5h, 2h, 4h, 6h, 8h) after the first-hour infection, then T cells and BFA were added
to “freeze” and read out antigen presentation at that time point after rVVs infection.
The antigen presentation, reflected by the amount of epitope-specific T cell
activation was assessed for IFN-y production by ICS as described in the method.
(a), HLA-B*44:03 restricted epitope presentation is compared to that of a well-
studied immunodominant epitope M1ss66 (shown in red). (b), HLA-A*24:02
restricted epitope presentation is compared to that of a well-studied
immunodominant epitope M1ss66 (shown in red). (c¢), HLA-A*33:03 restricted
epitope presentation is compared to that of a well-studied immunodominant
epitope M1ss.66 (shown in red). This experiment was performed and analysed
together. For clarity, the results are displayed as three figure panels according to
the HLA restriction of each epitope. Data shown are representative of two

independent experiments.
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4.3 Conclusion, Discussion and Future directions:

In this study, | report a broad-based CD8* T cell response, rather than one with a
typical immunodominance hierarchy, in an |IAV-experienced healthy individual. By
using a systematic approach, | demonstrated that such CD8* T cell responses to
nine AV proteins (M1, M2, NP, NS1, PA, PB1, PB2, HA and NA) except for NS2
and PB1-F2 (Figure 4.2). | further identified the minimal epitope sequences of
these responses (Figure 4.4). They are restricted to HLA-B*44:03, HLA-A*24:02
and HLA-A*33:03 and seven out of nine epitopes are novel ones (NP319-330, M1124-
134, M27-15, NA337-346, PB239-49, HA445.453 and NS1195-203). Most of these novel
epitopes are highly conserved among strains of H1N1 and H3N2 once circulated
in Australia. Similar to our previous observation on broad-based CD4* T cell
responses to IAV, | conclude that such a phenomenon not only occur to CD4* T

cell response but also CD8" T cell response.

Several HLA molecules such as HLA-A*02:01, HLA-A*03:01, HLA-B*57:01, HLA-
B*18:01 and HLA-B*08:01 present IAV peptides to stimulate robust CD8* T cell
responses against IAV infection, whereas HLA-A*24:02, HLA-A*01:01, HLA-
A*68:01, HLA-B*15:01 often stimulate more limited CD8* T cell responses specific
to IAV (Quinones-Parra et al., 2014). In addition, HLA-A*24:02 was reported to be
associated with severe pH1N1 disease and it is an allele that highly expressed in
Indigenous Australians and Alaskans (Clemens et al., 2016; Hertz et al., 2013).
Hence, the lack of immunodominant epitope presentation by this HLA, especially
in the absence of other HLAs that present immunodominant epitopes, such as
HLA-A*02:01, HLA-B*08:01, HLA-B*15:01, HLA-B*35:03 (Burrows et al., 1992;
Gotch et al., 1987; E. Grant et al., 2013; Wu et al., 2011), may indicate that HLA-
A*24:02 does not present an immunodominant |AV epitope and therefore plays a
limited role during an anti-IAV cellular immune response. Additionally, Quinones-
Parra et al. (Quinones-Parra et al., 2014) investigated pre-existing memory pools
specific for conserved H7N9 epitopes and found eight conserved NP epitopes
included an HLA-A*24:02-restricted epitope NP3g-47 (A*24:02-NPs3g). They then
showed that CD8* T cell responses to six of the eight conserved epitopes, however,

no CD8* T cell specific for A*24:02-NP39 was detected ex vivo, suggesting that
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although NP39.47is a conserved epitope, it is a weak one that do not elicit significant
CD8* T cell response. Such CD8" T cell responses are believed less protective.
My results might at least partially explain why Indigenous Australians were more
susceptible to severe IAV infection and had higher mortality rate than other
Australian populations during the 2009 H1N1 pandemics (Kelly et al., 2009; Trauer
etal., 2011). To date, researchers have mainly focused on assessing immunogenic
epitopes for common HLA molecules, such as HLA-A*02:01, with much less

attention paid to the HLA molecules associated with Indigenous Australians.

Immunodominance has been studied for decades. In many cases, removing the
most dominant T cell epitope enables the T cells specific to the subdominant
epitopes to expand more completely (Kim et al., 2011; Thomas et al., 2007).
Although the exact mechanisms associated with this phenomenon remain poorly
understood, several factors have been shown to influence it, such as peptide-
binding ability, T cell competition for particular pMHC-I on the APC surface,
dominant T cells actively suppress other T cell development, and other factors (Kim
et al., 2011). For example, Kedl et al. generated CD8* T cells to dominant epitope
SIINFEKL (ova8) and subdominant epitope KRVVFDKL from Ovalbumin in H-2°
mice; when high-affinity TCR transgenic T cells (OT1 T cells) for ova8 were
transferred, they completely inhibited the response of host OVA-specific T cell
response to either epitope due to APC level competition (Kedl et al., 2000).
However, in our case, no functional immunodominant CD8* T cell responses were
discovered, indicating that other mechanisms rather than APC level competition

are more likely.

Early evidence demonstrated that T cell precursor frequency and the efficiency of
peptide generation could influence immunodominance hierarchy (Wallace et al.,
2000). For example, Day et al. found that co-expression of H2K* and H2DP greatly
diminished CD8* T cell response to the H2DP-restricted immunodominant epitope
PA224-233, as part of the T cell repertoire was deleted by having H2Kk, while T cell
responses to H2DP restricted NP3es-374 remained unaltered (Day et al., 2011).
However, a more recently study from Neller et al. demonstrated that T cell

precursor frequency might not correlate closely with immunodominance hierarchy
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after pathogen challenge (Neller et al., 2015). It is possible that none of the
epitopes | identified in this study could stimulate an immunodominant response.

However, MHC restriction should be the most significant determining factor
although often under-considered and sometimes not considered, especially in
syngeneic murine systems when MHC are pre-fixed. In human, as HLA is so
polymorphic, the overall immunodominance hierarchy is shaped up by the CD8* T

cell responses restricted to all the involved HLA alleles expressed by the individual.

For example, HLA-A*02:01-M1ss.66 complexes stimulate an immunodominant
CD8* T cell response in many HLA-A*02:01 donors, but not in those who also
express HLA-A*01:01, HLA-B*08:01, HLA-B*15:01, HLA-B*18:01, HLA-B*35:03
(Wu et al., 2011). Additionally, some epitopes can be restricted to different HLA
alleles. For example, M112s.134 has been reported as an HLA-A*33:01 epitope
(Alexander et al., 2010), however, in this study, | showed that this same epitope
can be restricted to HLA-A*33:03. Therefore, it is envisaged, if one individual
expressed both HLA-A*33:03 and HLA-A*33:01, the response to M1i2s134 might

be boosted into an immunodominant status.

HLA combinations have been shown to be one of the most important elements
contributing to CD8* T cell immunodominance hierarchy (Akram et al., 2012).
Akram et al. demonstrated during IAV infection in HLA transgenic mice, only certain
combinations of HLA allele co-expression enabled immunodominant CD8* T cell
responses. Forinstance, the IAV immunodominant CD8* T cell response could only
be detected in IAV-infected HLA-B*7/HLA-B*27 transgenic mice but not in HLA-
A*2/ HLA-B*7 or HLA-A*2/HLA-B*27 mice (Akram et al., 2013). Moreover, Boon et
al. reported that HLA alleles were not used equally and there was a hierarchy
existed between HLA alleles; such as HLA-B*27:05 and HLA-B*35:01 were
preferentially used in IAV-specific CD8" T cell response, and HLA-B*08:01 and
HLA-A*01:01 seemed to contribute less (Boon et al., 2004). According to the above
results, co-expression of certain allele may determine not only which HLA may
present immunodominant CD8* T cell response but also whether there is
immunodominant CD8* T cell response at all. In HIV studies, epitopes restricted

by HLA-B molecules were dramatically more frequently recognised than those
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presented by HLA-A or HLA-C molecules (Bihl et al., 2006). In our case, the study
subject expresses HLA-A*24:02, HLA-A*33:03, HLA-B*44:03, HLA-B*46:01, HLA-
Cw*01:02, HLA-Cw*07:01. It seems to be the case that such set of HLA wasn’t

able to support an immunodominant CD8" T cell response during IAV infection.

It is also worth taking infection exposure and vaccination history into consideration,
as a specific viral strain might affect the outcome of CD8" T cell response, even
the previous immunodominance hierarchy. Although little is known about the
precise IAV exposure history of this donor, | have compared the conservancy of
novel epitopes among all the IAV strains circulated in Australia in the past 25 years
and found three out of the seven identified novel epitopes are almost 100%
conserved among these strains (Table 4.2). These results suggest that my
assessment is valid even though only one IAV strain (PR8) was used for

conducting the experiments in this study.

Chronic virus infections, such as HCMV are characterised by the accumulation of
antigen-specific CD8" T cells specific for immunodominant epitopes (Karrer et al.,
2003). However, 1AV usually causes acute infection, which might not allow CD8* T
cells with a particular specificity to accumulate significantly. Therefore, if one does
not possess a set of HLAs that is able to elicit a robust IAV-specific CD8" T cell
response, such individual may have a higher risk for developing severe I1AV-related
diseases. My present results provide better understanding of IAV-specific CD8* T
cell responses in humans, especially in high risk groups with HLAs that do not

present major CD8* T cell epitopes.

In this chapter, the novel peptides discovered are presented by HLA-B*44:03, HLA-
A*33:03. According to IEDB, there is no HLA-B*44:03 restricted IAV
immunodominant CD8* T cell epitopes published previously; moreover, no HLA-
A*33:03 restricted 1AV epitope have been identified so far. It is possible that the
set of HLA alleles this individual expresses failed to present any immunodominant
epitope, resulting a broad-based, relatively low-magnitude CD8" T cell response
during 1AV infection. Although | have only studied one case on the broad-based
CD8* T cell responses without the typical immunodominance hierarchy, | believe
this phenomenon might be wider spread than previously expected as the published
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studies only focused on a relatively small numbers of HLA alleles. It is possible that
many other HLA alleles, just like the alleles HLA-A*33:03 and HLA-B*44:03
investigated in this study, might not present IAV epitopes that are capable of
stimulating immunodominant response likely because their peptide motifs are also
too stringent. It would be interesting and worthwhile to carry out a large-scale
screen to identify the HLAs associated with such a response in future. Such

knowledge may allow us to predict high-risk individuals during IAV infection.
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Chapter 5: CD8" T cell response to alternative

reading frame peptides
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5.1 Introduction

Viral specific CD8" T cells recognise virus-derived pMHC-I complexes on antigen
presenting cells. The MHC-I antigen processing and presentation pathway uses
nearly all endogenous polypeptides as a source to produce antigenic peptides.
MHC-I molecules not only select peptides from protein that are regulary turned
over (Admon et al., 2003; Yewdell et al., 1988) but also from defective ribosomal
products (DRIiPs) (Anton et al., 2014; Princiotta et al., 2003; Schubert et al., 2000;
Yewdell et al., 1996). During immunosurveillance, CD8* T cells recognise DRIiPs
arising from open reading frames (ORFs) (Anton et al., 2014), alternative reading
frames (ARFs) (Chen et al., 2001), ribosomal frameshifting (Bullock et al., 1996),
alternative initiation on bona fide mRNAs (Yewdell, 2007), and all other errors
made as a result of abnormal transcription, translation, posttranslational protein

folding and maturation (Anton et al., 2014).

CD8* T cell epitopes derived from ARF translation are an essential class of DRiPs.
It has been reported in research conducted on viruses, cancers and autoimmune
diseases (Bullock et al., 1996; Ho et al., 2006; Saulquin et al., 2002; Wang et al.,
1996), that CD8" T cells survey more comprehensive peptide repertoire than
originally thought. For example, Maness and colleagues reported that SIV-infected
Mamu-B*17 macaques made strong CD8* T cell responses against an ARF
peptide cRW9 (RHLAFKCLW) (Maness et al., 2007). Moreover, the cRW9-specific
CD8" T cell response successfully inhibited SIV replication, indicating that ARF
peptide-specific CD8* T cells could play a part in controlling viral replication
(Maness et al., 2007). Recently, Zanker et al. described an ARF-encoded
immunodominant epitope NS1-ARF21-s restricted by H2-Ld from IAV, which is a
bona fide DRIP as no biological function can be detected for the NS1-ARF21.14
precursor (Zanker et al., 2019). Therefore, for generating the most effective CD8"
T cell-based vaccines, it is important to cover the broadest possible range of viral

peptides.

Over the past decades, the vast majority of CD8* T cell recognised peptides are

linear peptides, which is true for both viral or tumour antigens (Boon et al., 2002;

99



Chapter 5

Wu et al., 2011), and including those after post-translational modifications (PTMs)
(Doyle et al., 2001; Engelhard et al., 2002). For example, protein derived synthetic
overlapping peptides or predicted epitopes were often used to identify CD8* T cell
response to viruses such as influenza (Grant et al., 2013; Wu et al., 2011) and
tumour-specific T cell responses (Novellino et al., 2005; Stevanovic, 2002).
However, this “norm” was challenged when Hanada et al. demonstrated the first
case in which CD8* T cells responded to a peptide composed of two fragments
originally separated in the parental protein (Hanada et al., 2004). They showed that
a CD8* T cell clone (C2) recognised the fibroblast growth factor 5 (FGF-5) derived
9mer peptide generated by two non-contiguous segments of the parental protein.
This 9mer peptide (NTYASPRFK) was formed by NTYAS and PRFK, after excision
of 40 amino acid in between (Hanada et al., 2004). Spliced T cell epitopes have
been reported for a few pathogens and autoantigens (Mannering et al., 2018;
Vigneron et al., 2018), however, no influenza virus-derived spliced peptide has
been identified so far. Hence, it would be fascinating to see such observations

during influenza virus infection.

Some polypeptides undergo post-translational modifications before they form
mature proteins. Post-translational modifications were found in many diseases
such as cancer (Bode et al., 2004), infectious (W. Chen et al., 1999) and
autoimmune diseases (Mamula et al., 1999). It has been demonstrated that CD8*
T cells specifically recognise some post-translationally modified peptides (Doyle et
al., 2001; Engelhard et al., 2002; Petersen et al., 2009). For instance, Chen et al.
reported that sulfhydryl modification of cysteine (cysteinylation and dimerization)
influenced the antigenicity and immunogenicity of two cysteine-containing IAV
peptides NP3z7-47 (FYIQMCTEL) and NP21s-226 (AYERMCNIL) (W. Chen et al., 1999).
Moreover, Mannering et al. reported that a CD4* T cell clone recognised an HLA-
DR4 restricted insulin A-chain 1-13 epitope (KRGIVEQCCTSICSL) which
encompasses a vicinal disulphide bond between two adjacent cysteine residues;
T cell recognition relied on a vicinal disulphide bond formation between two
neighbouring cysteine residues (Mannering et al., 2005). The immunogenic
potential of PTMs have been undoubtedly established, thus, future study should

pay more attention to the contribution of PTM in antigenic repertoire.
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Synthetic peptide has been used for understanding T cell specificity. Solid-Phase
Peptide Synthesis (SPPS) was introduced to rapidly synthesise peptides (Merrifield,
1963). A high throughput approach of multiple parallel SPPS in a 96-well format is
the synthesis of peptides on amino-functionalized polyethylene (PE) rods, known
as pins (Geysen et al., 1984), which has been widely used in large scale of T cell
epitope screening (Made et al., 2014; Maeji et al., 1990). However, peptide
impurities usually are part of the process, such as salts, missing amino acids
(incomplete coupling), uncoupled chemical protecting groups, and other
modifications (de Beukelaar et al., 2007). In addition, various side-reactions could
also happen during such peptide synthesis leading to peptide impurities (D'Hondt
et al., 2014; de Beukelaar et al., 2007; Verbeke et al., 2015), especially in the
peptides with lower purity (Verbeke et al., 2015).

In Chapter 4, | described a broad-based CD8" T cell response in a donor that was
targeted to nine IAV proteins without showing a significant immunodominance
hierarchy. However, the NP- and NS1-specific CD8* T cell responses were not fully
elucidated using synthetic 18mer overlapping peptides. Although | have identified
a novel minimal epitope (NPs19-330, Chapter 4, Figure 4.4c-i), | hypothesised that
another NP-derived epitope was missed because the identified NP peptide
response was significantly lower than that stimulated by rVV-NP infected APC
(Figure 5.1a). Similarly, only a small response of NS1-specific CD8" T cells was
identified from two neighbouring 18mer peptides (Chapter 4, Figure 4.3). Such
small T cell populations were enriched by the novel T cell sorting method (Huang
et al., 2019), and the minimal epitopes were then identified(Chapter 4, Figure 4.4e-
i). However, the major epitopes targeted by an NS1 response were not identified.
Hence, this chapter will be further assessing the missed NP and NS1 responses.
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5.2 Results

5.2.1 Assessing the missed CD8" T cell epitopes from NP and NS1
specific CD8* T cells

The observed CD8* T cell responses stimulated by the NP 18mer overlapping
peptides, NP 313-330 (9%) and NP 319-336 (13%) were both lower than that
stimulated by rVV-NP infected APC (20.5%) (Figure 5.1a). This result indicated
that a population of NP-specific CD8* T cells was missed. The missed NP-specific
CD8* T cell population was further confirmed by testing the different length of NP
protein encoded by full length rVV-NP, rvV-1/3-NP (NP 1-168), rVV-2/3-NP (NP
147-315) and rVV-3/3-NP (NP 298-496). As shown in Figure 5.1c, CD8* T cells
responded to rVV-2/3-NP (5.18%), rVV-3/3-NP (6.24%), NPz19-330 (6.3%), and
rvV-2/3 + 3/3-NP (11.3%), indicating that the CD8* T cell response stimulated by
rvV-2/3-NP (NP 147-315) was missed by the 18mer overlapping peptide screen
because the only positive NP response identified by that in Chapter 4 (Figure 4.4c-
i) was NPs19-330 which is located in the rVV-3/3-NP fragment (NP 298-496).
Additionally, for NS1-specific CD8* T cells obviously there was only a tiny portion
(less than 1%) of NS1-specific CD8* T cells was identified during the 18mer
overlapping peptide screening (Figure 5.1b), indicating that the major CD8* T cell

response was missed.
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CD8* T cell responses to NP and NS1 18mer overlapping peptides; (¢), CD8*
T cell response to NP319-330 and the three NP fragments encoded by rVV-1/3-NP 2,

rVV-2/3-NP® and rVV-3/3-NP¢ represent NP 1-168, NP 147-315 and NP 298-496,

-b),
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respectively and full-length rVV-NP (NP1-496). rVV-2/3 + 3/3 -NP means CD8* T

cell response to rvV-2/3-NP infected APCs and rVV-3/3-NP APCs mix with 1:1

ratio.
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arVV-1/3-NP means recombinant vaccinia virus (rVV) encoded with NP 1-168;
brVVV-2/3-NP means recombinant vaccinia virus (rVV) encoded with NP 147-315;
°rVV-3/3-NP means recombinant vaccinia virus (rVV) encoded with NP 298-496;

Note: Figure 5.1a and figure 5.1b are the same data set that were used in the
Figure 4.3

104



Chapter 5

5.2.2 NP and NS1 specific CD8" T cell response to ARF peptides

According to the above analysis, | believed that both NP and NS1 18mer peptide
screen missed specific CD8* T cell responses. It is hard to believe that the 18mer
overlapping peptides could miss any linear epitopes. I, therefore, considered the
three other possibilities: ARF epitopes, spliced epitopes, and post-translationally
modified epitopes. As our laboratory recently reported an ARF-encoded
immunodominant epitope NS1-ARF2i-s (Zanker et al., 2019), | then figured that
ARF might be the easiest option to test first. All the ARF peptides from NP and
NS1 were predicted according to the peptide-binding motifs and predicted ARF
sequences with a putative start codon (http://www.syfpeithi.de/index.html) (see
Appendix Table 5.1 for more detail). As both NP and NS1 specific CD8* T cells are

restricted by HLA-B*44:03 which has stringent peptide-binding motifs requiring a
Glutamate (E) in position two and a Tyrosine (YY), or phenylalanine (F) and less
often tryptophan (W) at the C-terminus. Hence, only seven ARF peptides were
predicted and synthesised (Table 5.1) and tested by the bulk CD8* T cell line (the
same T cells used in Chapter 4, Figure 4.2) which was restimulated by IAV (PR8)
infected C1R-B*44:03. As shown in Figure 5.2, CD8* T cells responded to five out
of the total 7 predicted ARF peptides. Among the five, two peptides are predicted

from the reverse ARF, i.e. from 3’ to 5’ translation.
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Table 5.1. Synthetic ARF peptide origins and sequences

Chapter 5

ARF peptides sequence MRNA area -rre(s:zlcl)nse
PR82 NP ARF-F2¢ p1¢ (14-24) QELLMKECATF NP 147-315 YES
PR8 NP ARF-F2 p2 (19-29) KECATFSKGNF NP 147-315 NO

PR8 NP ARF-F2 p3 (17-24) KEKYPCFY NP 147-315 YES
PR8 NP ARFR-F1° p1 (3-12) KEGTIGLAAF NP 1-168 NO

PR8 NP ARFR-F1 p2 (40-51) AESTILSIVKLF NP 314-496 YES
PR8 NP ARFR-F3 p1 (32-41) DEFSHPLSVY NP 314-496 YES
PR8 NS1 ARF-F3 p1 (8-16) AESGRPSLY NS1 YES

Note: 2JAV strain, PIAV protein, CARF-F2: alternative reading frame (5’-3’ frame 2),

dp1: predicted peptide 1, SARFR-F1: alternative reading frame (3’-5’ frame 1)
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Figure 5.2. CD8* T cell populations in a bulk CD8* T cell line responded to

five ARF peptides

APCs were pulsed with each of the predicted ARF peptides before being co-

cultured with antigen-specific CD8* T cells. The CD8* T cell response was

assessed by a standard ICS for IFN-y production.
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5.2.3 The impurities of synthetic peptides influence the outcome

of CD8* T cell response

To further confirm and quantitatively assess these CD8* T cell responses specific
to the above ARF peptides, peptide titration experiments were performed using
CD8* T cells specific to the well-studied HLA-A*02:01-restricted IAV epitope M1ss-
66 as a positive control. APCs were pulsed with serially diluted peptides to activate
ARF-peptide specific CD8* T cells. As shown in Figure 5.3a, the responses to these
ARF peptides were quite similar and none of the ARF peptides titrated as well as
M1sse6. Due to similar CD8* T cell responses in magnitude were observed for all
five active ARF peptides and none of them titrated well in a quantitative
assessment, | concerned the possibility that these peptides might be cross-
contaminated by an unknown peptide. Hence, | permutated and combined the
above positive ARF peptides (Appendix Table 5.2) to test whether there was one
or multiple CD8* T cell populations in the culture. Unfortunately, the observed CD8*
T cell responses to individual ARF peptides could not add up using any two
different ARF peptides in combination, indicating that there was likely only one
antigenic CD8" T cell population in the culture and the peptides might be

contaminated by an active one.

To confirm my prediction and to avoid HPLC-purification caused cross-
contamination, | had the above five pin ARF peptides re-synthesised as individual
crude peptides and tested side-by-side with the pin ARF peptides using the same
CD8* T cell line. Surprisingly, none of the newly synthesised peptides was
recognised by the CD8* T cells (Figure 5.3c), indicating that CD8* T cells did not
recognise the aforementioned ARF peptide sequences. Gathering these results
together, | then considered that all the five ARF peptides might have been
contaminated by an unknown peptide, and CD8" T cells actually recognised a
contaminant peptide rather than the ARF peptides. This T cell line was stimulated
by PR8 infected APCs and they never encountered any synthetic peptide during
its maintenance. As the ARF peptides were ordered and synthesised together with
other 87 1AV peptides in the same 96-well format synthesis, | then used this T cell

line to screen all the 1AV peptides synthesised from the same batch (Appendix
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Table 5.3). As shown in Figure 5.3d, this CD8" T cell line only recognised the five
ARF peptides as mentioned above, indicating that these ARF peptides were
unlikely to be cross-contaminated by the other IAV peptides during or after the

synthesis.
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Figure 5.3. The IAV-specific CD8" T cells recognise impurity of the five ARF
peptides

(a), Standard peptide titrations were performed for the five positive ARF peptides
along with M1ss-66 and its specific CD8" T cells serving as a positive control. (b-c),
CD8" T cell responses to the two batches of the five ARF peptides: synthetic pin
peptides (b) and the newly synthesised crude peptides (c). (d), CD8* T cells were
used to screen all the pin peptides synthesised together in the same batch with the
predicted ARF peptides. CD8* T cell specificities were assessed by IFN-y

production in a standard ICS assay.
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5.2.4 Detection of incomplete ARF peptides by HPLC fractionation

coupled with Mass Spectrometry

To know the nature of the active antigenic peptide(s) in the ARF peptides, | decided
to fractionate these five ARF peptides using RP-HPLC, and then use the same
CD8* T cell line as a readout tool to identify the active fractions. The prediction was
if the ARF peptides were contaminated by the same peptide, the activity in all
fraction set should elute at the same time from the HPLC (more detail of HPLC
fractionation can be found in Chapter 2, materials and methods section 2.3.5).
Surprisingly, no CD8* T cell response was identified from the NP-ARF17-24 and
NP-ARF 8-16 HPLC fractions. ICS analysis of the HPLC fractions of the remaining
three ARF peptides (NP-ARFR 32-41, NP-ARFR 40-51, NP-ARF 14-24) revealed
that the T cell activating activity was not from the main HPLC peaks. For example,
as shown in Figure 5.4, CD8* T cell response to multiple fractions eluted from 23
min to 25 min from NP-ARFR 40-51, but none of them recognised the fractions
derived from the peptide peak (eluted 29.4 min). Similar results were observed for
the fractions collected from the other two peptides (NP-ARF 14-24 and NP-ARFR
32-41) (Appendix Figure 5.1). These results indicated that the peptide was likely
modified during peptide synthesis and excluded the possibility that the five ARF

peptides were contaminated by a single unknown peptide.

To gain more insight into the peptide sequences from the active HPLC fractions, |
sampled several fractions (for example in Figure 5.4, fractions eluted at 23.6min,
24.4min, 25.3min and 29.4min from NP-ARFR 40-51) for Mass Spectrometry
analysis. According to the Mass Spectrometry analysis, the main peak (29.4 min)
revealed the expected peptide sequence AESTILSIVKLF, however, CD8" T cell
failed to recognise this fraction (29.4 min) (Figure 5.4). This result was consistent
with Figure 5.3c which revealed that CD8* T cells were unable to recognise the
newly synthesised crude ARF peptide NP-ARFR 40-51 (AESTILSIVKLF).
Interestingly, based on the Mass Spectrometry analysis, the positive HPLC
fractions (23.6min) identified by the CD8* T cells suggested a few peptide
sequences that were missing amino acid(s) in the intended peptide corresponding

to potentially spliced peptides.
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Figure 5.4. Detecting active HPLC fractions from ARF peptide by the IAV-

specific CD8* T cell line

NP-ARFR 40-51 peptide was fractionated on HPLC and the fractions were

collected every 0.1min between 10 and 39min, CD8* T cells were then used to

screen all fractions. Four positive representative fractions (23.6min, 24.4min,

25.3min,

and 29.4min) were sent to Mass Spectrometry analysis.
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5.3 Conclusion, Discussion and Future direction

CD8" T Cells recognise pMHC-I derived from DRIiPs encoded by ORFs or ARFs,
or proteins no longer functioning (Anton et al., 2014). Intriguingly, apart from linear
peptides (Boon et al., 2002; Wu et al., 2011) and peptides modified by PTMs (Doyle
et al., 2001; Engelhard et al., 2002), spliced peptides from tumour antigens and
other pathogens are also subject to immunosurveillance by CD8* T cells
(Mannering et al., 2018; Vigneron et al., 2004).

In this chapter, | have further confirmed the observation made in Chapter 4 by
showing HLA-B*44:03 restricted NP- and NS1-specific T cell populations initially
missed by their 18mer overlapping peptide screen. Furthermore, using rVV-
encoded NP fragments, the missed T cell epitope(s) was narrowed down to within
NP147-315 (Figure 5.1c). |, therefore, considered ARF peptide encoded by NP
MRNA, including those within this sequence might be one of the possibilities that
stimulate the T cell population missed by the 18mer screen. | then found that CD8*
T cells responded to four predicted NP derived ARF peptides and one NS1 derived
ARF peptide (Figure 5.2). However, these T cell responses could not add up when
APCs were pulsed by two different ARF peptides. Such results indicated that the
antigen-specific CD8* T cells probably recognise only one predicted ARF peptide
rather than five or the occurrence of peptide cross-contamination. Moreover, the
peptide titration curves of all five pin ARF peptides were very similar (Figure 5.3a)
and the same CD8* T cells failed to recognise newly synthesised five crude ARF
peptides with the same sequences (Figure 5.3c). | have then excluded the
possibility of peptide cross-contamination during pin-peptide synthesis (Figure
5.3d). Based on Hanada and colleagues’ finding, this result suggested that the
CD8* T cells probably recognised something else, such as truncated or synthesis-
modified peptides, rather than the predicted ARF peptide sequence. | then used
HPLC fractionation and Mass Spectrometry to analyse active fractions (Figure 5.4).
Mass Spectrometry analysis suggested that this particular CD8* T cell might have
recognised “internally truncated” ARF peptides (Figure 5.4), which functionally
resemble spliced peptides. | have now had these peptides synthesised and they

will be screened once this thesis is submitted.
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Several studies reported that impurities in synthetic peptides influence T cell
responses (Currier et al., 2008; D'Hondt et al., 2014; de Beukelaar et al., 2007).
Beukelaar et al. found three peptides recognised by CD8* T cells, however, the T
cell responses could not be confirmed when re-synthesised peptides from the
same manufacturer with a higher purity (de Beukelaar et al., 2007). They
subsequently compared three synthetic peptide batches and found abundant
differences among them, such as omissions of amino acids in the primary peptide
sequences (de Beukelaar et al., 2007). Furthermore, Chen and colleagues
demonstrated that CD8* T cells recognised a peptide containing a cyclized
asparagine residue which occurred as a side reaction during peptide synthesis
rather than the parental peptide containing unmodified asparagine (Chen et al.,
1996). In our case, CD8* T cells responded to five synthetic ARF pin-peptides.
However, these responses could not be confirmed when peptide re-synthesised by
the same manufacturer with a different chemistry. Base on finding from Beukelaar
et al. and Chen et al. and my Mass Spectrometry analysis (Figure 5.4), there is a
high possibility that my CD8* T cells recognised one of the truncated peptides
generated during peptide synthesis rather than the originally predicted ARF peptide

sequence.

Hypothetically, peptide splicing could happen in any proteins’ proteasome-
degraded fragments in a cell. This hypothesis was supported by Liepe et al. recent
work, as they detected that the proteasome-generated spliced peptide pool could
potentially represent about one-third of the diversity of the entire HLA-I ligands and
one-fourth of the abundance of total HLA-I peptidomes (Liepe et al., 2016).
Therefore, | believe that such spliced epitopes can also be recognised by IAV-
specific CD8" T cells. However, only a handful of spliced peptides have been
reported so far and they mainly derived from tumour-associated antigens, this is
largely due to the detection of spliced peptides was limited by the laborious
isolation of T cell clones from patients’ PBMCs (Michaux et al., 2014; Vigneron et
al., 2004; Warren et al., 2006). Platteel et al. developed a reverse immunology-
based multi-level method to detect proteasome-generated spliced epitopes
(Platteel et al., 2017). Based on this approach (Figure 5.5), they were able to
identify two spliced epitopes using a murine Listeria monocytogenes infection
model (Platteel et al., 2017).
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Figure 5.5. A systematic approach for identifying immunogenic spliced

peptides

In brief, the two-step systematic approach was developed to identify immunogenic
spliced peptides. The first step, predicting a complete list by computing all potential
spliced peptides from an antigen of interest and creating a final candidate epitope
list. The second step, using antigen-specific CD8" T cells to identify immunogenic
spliced peptides from the final candidate peptide list. Adapted from (Platteel et al.,
2017)
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Since the DRIP hypothesis was proposed in 1996, a vast number of studies have
addressed the role of DRIiPs as the source of viral antigenic peptides for CD8* T
cell immunosurveillance (Wei et al., 2019). For effective immune surveillance, it is
essential to include a wide-range of peptides presented by MHC-I molecules. ARF-
encoded polypeptides, as a likely understudied and underestimated source of
novel epitopes, enhance epitope repertoire available for T cell recognition from
pathogens and tumours. A study from Maness et al. demonstrated that DRIiPs
encoded by ARFs induced highly effective antiviral T cell responses. More recently,
Zanker et al. described an ARF-encoded epitope NS1-ARF2i1s as the missed
immunodominant determinant in IAV-infected BALB/c mice, suggesting that many
biologically relevant peptides could be generated from ARF DRIPs. In this case, a
group of CD8* T cells failed to recognise any of the synthetic overlapping 18mer
peptides, strongly implied that such T cell population might respond to epitopes
from unconventional antigen source. Additionally, my preliminary results indicated
that such CD8* T cell might recognise internally truncated ARF peptides, likely as
by-products generated during pin-peptide synthesis. Therefore, my work in this
chapter, when completed, could provide insights into IAV ARF transcription,
translation and potentially spliced ARF epitope generation during IAV infection.
This observation also indicates that the peptide repertoire recognised by CD8* T
cells during IAV infection is broader than originally thought. Importantly, such T cell

response might be worth considering as part of future vaccine design.

As | only synthesised a few selected spliced peptides base on the Mass
Spectrometry analysis (Appendix Table 5.4), it is possible that | could potentially
miss the real CD8* T cell epitopes. If my CD8* T cells fail to recognise any of the
synthesised “spliced” peptides (Appendix Table 5.4), | will then have the others
also synthesised and tested. | could also create a complete list of theoretically
possible spliced peptides from NP and NS1 proteins using the method described
in Figure 5.5, including all reading frames. If CD8* T cells can recognise the above
synthesised truncated ARF peptides (or spliced ARF peptides) from the predicted
candidate list, one more experiment will be needed to test whether such antigenic
peptides can be naturally presented by APCs. Therefore, HPLC fractionation of
peptides extracted from PR8, rVV-NS1 and rVV-NP infected C1R-B*44:03 cells will
be performed, ICS will be used to detect the positive HPLC fractions and Mass
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Spectrometry will be conducted to analyse the peptide sequence of the positive
fractions. | will also generate a T2-B*44:03 cell line to increase the chance of
directly identifying peptides from above-mentioned HPLC fractions. If CD8* T cells
can’t recognise either the above-mentioned synthesised or the predicted spliced

peptides, | will then turn to epitope post-translational modifications.
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Chapter 6: Conclusion, Discussion, and Future

directions
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The major goal of this thesis was to characterise novel human CD8* T cell epitopes
from PBMCs collected from a healthy individual with a broad-based IAV-specific
CD8* T cell response, which | believe was achieved. The pursuit of broad-based
IAV-specific CD8* T cell response led to some important scientific observations
and insights. First of all, to initiate such a pursuit, | created and optimised a CD8*
T cell enrichment method to enable establishing single or multiple-specificity CD8*
T cell lines from the initial bulk culture with minimal T cell purity. This method was
successfully established and proven to be very useful in my study (Huang et al.,
2019). It is highly likely that such a novel T cell enrichment method will be useful
to many world-wide who have difficulties to expand antigen-specific T cells or T cell
clones. Second, the demonstration of broad-based CD8* T cell response to IAV
provided nice evidence that such broad-based T cell response does not only occur
in IAV-specific CD4* T cell compartment (L. Chen et al., 2017). Third, | observed a
population of CD8" T cells failed to recognised NP and NS1 derived 18mer
overlapping peptides; this observation will allow for the subsequent investigation
into potentially diverse antigenic-peptide sources, such as ARF or spliced peptides,

neither has been reported for human anti-IAV CD8" T cell response.

6.1 The important role of CD3CD8 downregulation based

CD8* T cell enrichment method

In Chapter 3, | have established and optimised a novel CD8* T cell enrichment
method based on CD8* T cell activation-induced CD3CD8 downregulation. | have
successfully demonstrated that this method is able to enrich CD8* T cells from
established immunodominant CD8* T cell culture, single IAV protein-specific CD8*

T cell cultures as well as low purity polyclonal T cell cultures.

Cell lines or clones derived from antiviral CD8* T cells have been employed as
indispensable tools for understanding how antigen-specific responses influence
disease progression, and for treating intractable diseases, such as using adoptive
cell therapy for treating cancers (Rosenberg et al., 2004). However, establishing
CD8* T cell lines or clones has been empirical, especially when it comes to

expanding rather rare antigen-specific CD8* T cells. This is due to the extremely
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low precursor frequencies as antigen-specific CD8* T cells are approximately 1 in
10° CD8* T cells (Rizzuto et al., 2009). Therefore, developing a CD8* T cell
enrichment method is of more than academic interest, because it can facilitate the
isolation and expansion of rare antigen-specific CD8* T cells potentially for treating

difficult-diseases.

Until recently, tetramer staining is the most applied CD8* T cell enrichment method.
However, it was demonstrated that pMHC tetramers underestimated antigen-
reactive T cells and missed fully functional T cells (Rius et al., 2018) as these T
cells expressed lower TCR (Rius et al., 2018). In addition, Hickey and colleagues
recently developed a tool for isolating and enriching antigen-specific T cells (Hickey
et al., 2018). This method is mainly depended on magnetic particles conjugated
with peptide-loaded MHC molecules that enable antigen-specific T cell binding and
selection (Hickey et al., 2018). However, the major limitation of this method is that

only a few antigen-specificities can be investigated simultaneously.

In summary, my work from Chapter 3 shows that CD3CD8 downregulation guided
sorting allows for enriching low purity/frequency CD8* T cells (less than 0.5%),
which is useful for establishing CD8* T cell lines with single or multiple-specificities.
Hence, based on this method, | was able to investigate a broad-based IAV-specific

CD8" T cell response in Chapter 4.
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6.2 The role of atypical immunodominance hierarchy in
IAV-specific CD8* T cells.

In the Fourth Chapter, | show that a broad-based CD8* T cell response to nine
IAV proteins without a typical immunodominance hierarchy. | also discovered
seven highly conserved novel 1AV epitopes which are restricted to HLA-A*33:03
and HLA-B*44:03. Additionally, | show in vitro that the magnitude of the CD8* T
cell responses to these epitopes was not correlated with the speed of their antigen

presentation assessed by a BFA kinetics assay.

Immunodominance has been studied for decades with the vast majority of research
conducted in syngeneic murine models, in which the MHC class | alleles are limited
to three or even two, such as in B6 mice. As a result, in such models the MHC
alleles expressed are rarely considered as major factors that influences
immunodominance hierarchy. However, in studies based on human samples, the
influence of HLA on immunodominance is of great importance. It is highly possible
that some individuals may express a set of HLA molecules that maybe unable to
present any CD8* T cell epitope to induce functional immunodominant response
during IAV infection. For example, the epitopes identified from this study subject
are restricted by HLA-A*33:03, HLA-A*24:02 and HLA-B*44:03. Based on IEDB
search, only nine HLA-B*44:03 restricted IAV epitopes have been published in the
database, however, none are immunodominant IAV epitopes; additionally, no HLA-
A*33:03 restricted IAV epitopes have been identified
(https://www.iedb.org/home_v3.php). According to data in Figure 4.2 of Chapter

4, the primary polyclonal CD8* T cell responses to the HLA-A*33:03 restricted M1
and NA were quite small (0.8% and 0.6%, respectively), thus, it would not be easy
to identify their minimal epitopes without any further enrichment. It might be the
case that such smaller responses could be overlooked due to lack of T cell
enrichment technique in the previous studies. Additionally, HLA-A*33:03 is a
relatively rare allele as only 0.4% of Australians express HLA-A*33:03 while 26%

Australians express HLA-A*02:01 (http://www.allelefrequencies.net/default.asp).

Moreover, only a handful of potential HLA-A*33:03-restricted epitopes were

predicted according to the consensus IEDB method (http://tools.iedb.org/mhci/),
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and peptide binding-motifs at position 9 is Arginine, indicating that HLA-A*33:03
peptide-binding motifs might not be easily satisfied by IAV sequences. These in
silico results further explain why no HLA-A*33:03 restricted IAV epitope is

published so far.

In our case, the haplotypes of this study subject are HLA-A*24:02/HLA-B*46:01,
HLA-A*33:03/HLA-B*44:03. The most common haplotypes of Australian aboriginal
populations are HLA-A*24:02/HLA-B*15:25, HLA-A*24:02/HLA-B*40:01, and HLA-
A*24:02/HLA-Cw*03:03 (X. Gao et al., 2000), therefore, this individual is unlikely
an Australian aborigine. However, studies showed that individuals expressing HLA-
A*24:02 showed very limited HLA-A*24:02-restricted CD8* T cell response during
IAV infection (Quinones-Parra et al., 2014). This is also an allele that highly
expressed in Indigenous Alaskans (Clemens et al., 2016), which was reported to
be associated with severe pH1N1 related diseases and had higher hospitalisation
and mortality rates during 2009 pH1N1 pandemic (Hertz et al., 2013). My results
in Chapter 4 show that such individual’s HLA combination is likely the reason for
a broad-based CD8" T cell response to IAV. Therefore, such findings may also
partially explain why Indigenous Australians were more susceptible to severe 1AV
infection and had higher mortality rate than other Australian populations.
Additionally, as a majority of studies examined the commonly expressed HLA
alleles, such as HLA-A*02:01, little is known about the peptides presented by HLAs
specific to Indigenous population. As only one individual has been studied in this
chapter, further work should include more PBMC samples to identify and

characterise epitopes restricted by HLAs expressed by the Indigenous population.

A comprehensive study of immunodominant IAV-specific CD8* T cell response is
critical to understanding and potentially manipulating the cellular immunity to 1AV,
especially in relation to developing vaccines that stimulate effective 1AV-specific
CD8* T cell responses. However, based on my study in Chapter 4, some
individuals may only show a broad-based response without significant
immunodominant T cell population (Chapter 4, Figure 4.2). Specific vaccines that
can boost an individual’s immune response may require to prevent infection or limit
infection severity in an 1AV epidemics. Thus, the investigation of atypical

immunodominance hierarchy in this study may provide insight for future vaccine
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development, particularly for people who may never develop immunodominant

CD8* T cell responses to IAV naturally.

Collectively, my work from Chapter 4 reported the first case of broad-based CD8*
T cell response to IAV and the first HLA-A*33:03-restricted IAV CD8* T cell epitope.
This work also affirms the important role of studying IAV-specific CD8* T cell

response in individuals with uncommon HLA alleles or haplotypes.

6.3 The importance of ARF epitopes recognise by CD8* T

cells

In the fifth Chapter, | tried to work out the HLA-B*44:03-restricted NP- and NS1-
specific responses observed in Chapter 4 using rVV-NP and rVV-NSL1 infection,
but missed by 18mer overlapping peptide screen. | conducted experiments to
exclude the possibility of peptide cross-contamination. So, | considered ARF
peptides encoded by these genes as a possibility. As HLA-B*44:03 requires
stringent peptide-binding motif, there were only a few peptides predicted to
potentially able to bind this HLA. Pin-peptides were synthesised and they were able
to activate some IAV-specific T cells. Critically, when these peptides were re-
synthesised as crude peptides using different chemistry, the same T cells failed to
recognise any of the new peptides. Preliminary studies suggested that the CD8* T
cells may recognise internally truncated ARF peptides (functionally equal to spliced
ARF peptides) generated during pin-peptide synthesis but not the crude peptide
synthesis. Using HPLC fractionation combined with mass spectrometry analysis, a
number of internally truncated ARF peptides were identified. However, due to the
time constraint, | was unable to validate these findings by specifically synthesising

such truncated ARF peptides.

DRiPs encoded by ARF are another antigen source and part of
immunosurveillance. Therefore, it is of great importance to reconsider the
approach of immunogenic peptide identification. Recently, our laboratory reported
an ARF-encoded immunodominant epitope H-2LY/NS1-ARF21s by screening
predicted IAV ARF peptides. This newly identified CD8* T cell epitope is a bona

123



Chapter 6

fide DRIP as no biological function was detected from the NS1-ARF21-14 precursor
(D. J. Zanker et al., 2019). Moreover, the IAV ARF21.s epitope generation from its
NS gene or from a recombinant “self-gene” (eGFP gene in which ARF21.s was
inserted in its ARF) was enhanced by IAV infection (D. J. Zanker et al., 2019),
indicating that virus infection could potentially cause autoimmune response by
enhancing ARF DRIP generation. In addition to ARF DRIiPs, other DRiPs such as
tumour derived spliced peptides (Hanada et al., 2004; Vigneron et al., 2004),
bacteria (Listeria monocytogenes) derived spliced peptides (Platteel et al., 2017)
have been shown to be immunogenic, and such peptides are predicted to
potentially account for 1/3 of the total antigenic peptide pool (Liepe et al., 2016).
Hence, it is possible and highly likely spliced ARF peptides will be part of the
immunosurveillance during pathogen infection or tumorigenesis although no such
example has been yet reported (Anton et al., 2014; Mannering et al., 2018;
Vigneron et al., 2018).

During the investigation of the missed NP- and NS1-derived epitopes, | had several
hypotheses to potentially explain my results. The first one was that the IAV-specific
CD8" T cells actually responded to an unknown contaminant peptide rather than
the predicted ARF peptides. However, this concern was excluded as the active
HPLC fractions derived from each individual ARF peptide eluded at different time,

indicating they are possessing different peptide sequences (Chapter 5, Figure 5.4).

Post-translational modifications can happen to individual amino acid side chains
and affect the immunogenicity of peptides (Engelhard et al., 2006; Petersen et al.,
2009). Some PTMs can occur automatically under physiological conditions such
as cysteinylation (W. Chen et al., 1999) and isoaspartyl formation (Najbauer et al.,
1996). For instance, CD8* T cells recognised two synthetic cysteine-containing
peptides were underestimated as subdominant status due to sulfhydryl
modification of cysteine in the absence of reducing agents (W. Chen et al., 1999).
Although I have not yet investigated the possibility of PTM peptides in Chapter 5,
this remains a possibility as it is possible that those CD8* T cells could recognise
post-translational modified ARF as two active ARF peptides contain cysteine (NP-
ARF 14-24 and NP-ARF 17-24). Interestingly, there is no such report currently in
the literature.
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| then hypothesised that the predicted ARF peptides might have been modified by
a chemical group during peptide synthesis, such as the reported HLA-
B*57:01/peptide-abacavir complex (llling et al., 2012; llling et al., 2013). In such a
scenario, it is possible that different peptide sequences modified by the same
chemical group likely at the same position might be able to activate CD8" T cells
in a similar fashion. It has been reported that peptide impurities occurred during
synthesis due to incomplete coupling sequences such as missing amino acids (de
Beukelaar et al., 2007), or incomplete sidechain deprotection (W. Chen et al.,
1996). Based on my preliminary data (Chapter 5, Figure 5.4), it is most likely that
the IAV-specific CD8* T cells recognise internally truncated (spliced) ARF peptides
generated during pin-peptide synthesis as part of the impurity rather than the

originally predicted ARF sequences.

In the near future, IAV-specific CD8* T cells will be used to screen the synthetic
internally truncated ARF peptides (Appendix Table 5.4). It is possible that | could
potentially miss the real CD8" T cell epitope as only selected truncated ARF
peptides were synthesised based on Mass Spectrometry analysis. Therefore, if
CD8* T cell fails to recognise any of these synthetic peptides, | will then create a
complete candidate list of all theoretically possible truncated ARF peptides from
NP and NS1 proteins. If both approaches fail to identify the missing CD8* T cell
response, | will turn to epitope post-translational modification. However, if CD8* T
cells are able to recognise the synthesised truncated ARF peptides or peptides
from the predicated candidate list, further experiments will be performed to confirm

whether such peptides can be naturally presented by IAV infected APCs.

In summary, my work in Chapter 5, when finished, could provide insights into the
generation of ARF or spliced ARF peptides after IAV infection. The relevant
knowledge of IAV ARF peptides could add another dimension to designing CD8*
T cell-based IAV vaccines.
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6.4 Conclusion

IAV-specific CD8* T cells play a critical role in virus clearance. My findings in this
thesis demonstrate a novel CD8* T cell enrichment approach which showed great
capacity to enrich low purity antigen-specific CD8* T cells (Chapter 3). Such
method facilitated my investigation into a broad-based CD8* T cell response to IAV
and allowed further characterisation of novel CD8* T cell epitopes derived from IAV
(Chapter 4). An interesting observation was made in Chapter 5 in the process
trying to define the missing CD8* T cell epitopes in NP- and NS1-specific CD8* T
cell responses in Chapter 4. My preliminary results (Chapter 5, Figure 5.4)
indicate that these CD8* T cells may recognise internally truncated ARF peptides
generated during pin-peptide synthesis, however, due to limited time further

experiments will be conducted to confirm such findings after thesis submission.

In summary, my method will allow researchers to enrich low and rare antigen-
specific CD8* T cells for future studies and potential therapeutic applications; and
my other findings will provide better understanding towards broad-based CD8* T

cell response to IAV, which may aid future vaccine development.
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Appendix Figure 4.1. HLA restriction of all 18mer peptides identified in
Figure 4.3 (Chapter 4)

Partial donor HLA-matched BLCLs were pulsed with 10°M of relevant 18mer
peptides for 1 hour. Later, cells were extensively washed and used as APCs in a
co-culture with antigen-specific CD8* T cells for 4 hours. HLA-restriction was

assessed by ICS for production of IFN-y.

148



Appendix

Alternative Reading Frame (ARF) encode NP protein (5'3' Frame 2)@

MENARMPLKSEHPSEKMRDGMTKKKMVTMQORLVMMOLIRGQELLFAPEWILGCALMIGTS GGVRMDEK%
LLMKECATFSKGNFKLLHKKQMLSSKISLFMRIQHTRVNWCGWHATILPHLKIMKIWRLWNQVHLNMGT
QRGEHLTMCLSRGGESSSSRTKRQRGESSRTKRQRARSCLPLTMKDLISSETMQRSTTIKEKYPCFEY

ARF encode NP protein (5'3' Frame 1)

MSKEGTIGLAAFSSESSKTPRPWKDTSSGLALSIILMISVLMSDVLPSVFPLNAAIMVVLSKGRFLCTE
NVGCMLIWPADALCMAQYLLLSSSVLDSIVSIFSLEAIMKLNTLRSSNAAEWHATIHTSMSADRARKVRSSN
SAFPGFRLSLTMSSLIHFPFTLLYIGPPVFLGSFPALGCSSRYLFLLSSKAESTILSIVKLFEWINRPSM
ILMSLSE

ARF encode NP protein (3'5' Frame 2)

MEFSPLYSHMLPMPSVDWCFLHFWSLWPSTCEFSVQVYLIPMRONGMPSTPVDSCVLDSHLV

ARF encode NP protein (3'5' Frame 3)

MACHPHQLTLVCWILIWSDMPDHHVSQTSRCIVTIISLAPDSPYFFFVIKDEFSHPLSVYSPVYRSSSEFLR
ILPRTGMFFKVFISPFVKSREHHSLYC

ARF encode NS1 protein (5'3' Frame 2)

MSANELQTKNMPHSLIGFAETIRNPMRHLK

ARF encode NS1 protein (5'3' Frame 3)

MVHAHTQAESGRPSLYONGPGDHGME

ARF encode NS1 protein (3'5' Frame 1)

MSWKRRQWMPKKAIYLKA

ARF encode NS1 protein (3'5' Frame 1)

MVKFRQQLLPLRMGHHLVLGLQLVCGHAKESNLPESLTQCLDPLCLCHPAFA

Appendix Table 5.1. The potential ARF peptide sequence predicted from NP
and NS1 protein
apredicted from bioinformatics website https://www.expasy.org/
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https://www.expasy.org/

NP-ARF 14-24 + NP-ARF 17-24
NP-ARF 14-24 + NP-ARF 40-51
NP-ARF 14-24 + NP-ARF 32-41
NP-ARF 14-24 + NP-ARF 8-16
NP-ARF 17-24 + NP-ARF 40-51
NP-ARF 17-24 + NP-ARF 32-41
NP-ARF 17-24 + NP-ARF 8-16
NP-ARF 40-51 + NP-ARF 32-41
NP-ARF 40-51 + NP-ARF 8-16
NP-ARF 32-41 + NP-ARF 8-16

Appendix Table 5.2. Permutated and combined all the positive ARF

peptides
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Protein Peptide ID Sequence Protein peptide ID Sequence
1 NP NP 97-109 YKRVDGKWMRELV | 48 NP NP 102-114 V4 | RKWMRELVLYDKE
2 NP NP 97-109 V3 YRRVGGKWMRELV | 49 NP NP 331-343 V2 | MACNSAAFEDLRV
3 NP NP 98-110 V2 KRVDGKWMRELVL | 50 NP NP 332-344 V2 | ACNSAAFEDLRVS
4 NP NP 98-110 V3 RRVGGKWMRELVL | 51 NP NP 333-345V2 | CNSAAFEDLRVSS
5 NP NP 99-111 V2 RVDGKWMRELVLY | 52 NP NP 334-346 V2 | NSAAFEDLRVSSF
6 NP NP 99-111 V3 RVGGKWMRELVLY | 53 NP NP 335-347 V2 | SAAFEDLRVSSFI
7 NP NP 100-112 V2 | VDGKWMRELVLYD | 54 NP NP 336-348 V2 | AAFEDLRVSSFIR
8 NP NP 100-112 V3 | VGGKWMRELVLYD | 55 PA PA 168-178 RARIKTRLFTI
9 NP NP 101-113V2 DGKWMRELVLYDK | 56 PA PA 169-178 ARIKTRLFTI
10 NP NP 101-113V3 | GGKWMRELVLYDK | 57 PA PA 168-177 RARIKTRLET
11 NP NP 102-114 V2 GKWMRELVLYDKE | 58 PA PA 167-178 SRARIKTRLFTI
12 NP NP 102-114 V3 | GKWMRELVLYDKD | 59 PA PA 168-179 RARIKTRLFTIR
13 NP NP 139-151V1 | WHSNLNDTTYQRT | 60 PA PA 167-179 SRARIKTRLFTI
14 NP NP 140-152 V1 | HSNLNDTTYQRTR | 61 PA PA 168-176 RARIKTRLF
15 NP NP 141-153V1 | SNLNDTTYQRTRA | 62 PA PA 169-176 ARIKTRLF
16 NP NP 142-154 V1 | NLNDTTYQRTRAL | 63 PA PA 168-175 RARIKTRL
17 NP NP 143-155V1 | LNDTTYQRTRALV | 64 PA PA 167-176 SRARIKTRLF
18 NP NP 144-156 V1 | NDTTYQRTRALVR | 65 PA PA 168-176 RARIKTRLF
19 NP NP 205-217 V1 | NFWRGENGRKTRS | 66 PA PA 167-175 SRARIKTRL
20 NP NP 206-218 V1 | FWRGENGRKTRSA | 67 M1 M1 124-134 LASCMGLIYNR
21 NP NP 207-219V1 | WRGENGRKTRSAY | 68 M1 M1 125-134 ASCMGLIYNR
22 NP NP 208-220V1 | RGENGRKTRSAYE | 69 M1 M1 124-133 LASCMGLIYN
23 NP NP 209-221V1 | GENGRKTRSAYER | 70 M1 M1 123-134 ALASCMGLIYNR
24 NP NP 210-222V1 | ENGRKTRSAYERM | 71 M1 M1 124-135 LASCMGLIYNRM
25 NP NP 211-223V1 | NGRKTRSAYERMC | 72 M2 M2 13-21 NEWGCRCNG
26 NP NP 212-224V1 | GRKTRSAYERMCN | 73 M2 M2 14-21 EWGCRCNG
27 NP NP 213-225V1 | RKTRSAYERMCNI | 74 M2 M2 13-20 NEWGCRCN
28 NP NP 214-226 V1 | KTRSAYERMCNIL | 75 M2 M2 13-22 NEWGCRCNGS
29 NP NP 215-227V1 | TRSAYERMCNILK | 76 M2 M2 12-21 RNEWGCRCNG
30 NP NP 216-228 V1 | RSAYERMCNILKG | 77 M2 M2 7-15 VETPIRNEW
31 NP NP 331-343V1 | MACHSAAFEDLRL | 78 M2 M2 8-15 ETPIRNEW
32 NP NP 332-344V1 | ACHSAAFEDLRLL | 79 M2 M2 7-14 VETPIRNE
33 NP NP 333-345V1 | CHSAAFEDLRLLS | 80 NA NA 337-346 RYGNGVWIGR
34 NP NP 334-346 V1 | HSAAFEDLRLLSF | 81 NA NA 338-346 YGNGVWIGR
35 NP NP 335-347V1 | SAAFEDLRLLSFI | 82 NA NA 337-345 RYGNGVWIG
36 NP NP 336-348 V1 | AAFEDLRLLSFIR | 83 NA NA 337-347 RYGNGVWIGRT
37 NP NP 97-109 V1 YRRVDGKWMRELV | 84 NA NA 336-346 YRYGNGVWIGR
38 NP NP 97-109 V4 | YRRVDRKWMRELV | 85 PB1 PB1 498-509 RYGFVANFSMEL
39 NP NP 98-110 V1 RRVDGKWMRELVL | 86 PB1 PB1 499-509 YGFVANFSMEL
40 NP NP 98-110 V4 | RRVDRKWMRELVL | 87 PB1 PB1 498-508 RYGFVANFSME
41 NP NP 99-111 V1 RVDGKWMRELVLY | 88 NP NP-ARF 14-24 QELLMKECATF
42 NP NP 99-111V4 | RVDRKWMRELVLY | 89 NP NP-ARF 19-29 KECATFSKGNF
43 NP NP 100-112 V1 | VDGKWMRELVLYD | 90 NP NP-ARF 17-24 KEKYPCFY
44 NP NP 100-110Vv4 | VDRKWMRELVLYD | 91 NP NP-ARF 3-12 KEGTIGLAAF
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45 NP NP 101-113V1 | DGKWMRELVLYDK | 92 NP NP-ARF 40-51 | AESTILSIVKLF
46 NP NP 101-113V4 | DRKWMRELVLYDK | 93 NP NP-ARF 32-41 DEFSHPLSVY
47 NP NP 102-114V1 | GKWMRELVLYDKE | 94 NP NS1 ARF 8-16 AESGRPSLY

Appendix Table 5.3. The whole batch of peptides synthesized with
predicted ARF peptides
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Appendix Figure 5.1. Detecting active HPLC fractions from ARF peptide by
the IAV-specific CD8* T cell line

(a), NP-ARFR 32-41 peptide was fractionated on HPLC and the fractions were
collected every 0.1min between 10 and 39 min, CD8* T cells were then used to
screen all fractions.

(b), NP-ARF-F2 14-24 peptide was fractionated on HPLC and the fractions were
collected every 0.1min between 10 and 39 min, CD8* T cells were then used to

screen all fractions.
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peptide spliced peptide original Truncated
number sequence sequence positions
10mer AESTSIVKLF AESTILSIVKLF | P5,P6
10mer AESLSIVKLF AESTILSIVKLF | P4, P5
10mer AETLSIVKLF AESTILSIVKLF | P3,P5
10mer AETISIVKLF AESTILSIVKLF | P3, P6
10mer AEILSIVKLF AESTILSIVKLF | P3, P4
llmer AESTLSIVKLF AESTILSIVKLF | P5
llmer AESILSIVKLF AESTILSIVKLF | P4
9mer AESSIVKLF AESTILSIVKLF | P4,P5,P6
9mer AELSIVKLF AESTILSIVKLF | P3, P4, P5
10mer AESTLSIVKF AESTILSIVKLF | P5,P11
9mer AETSIVKLF AESTILSIVKLF | P3, P5,P6
8mer AESTVKLF AESTILSIVKLF | P5,P6,P7, P8
8mer AESLVKLF AESTILSIVKLF | P4, P5,P7, P8

Appendix Table 5.4 Selected spliced peptide sequence obtains based on

Mass Spectrometry analysis
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